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Abstract 
 
Mechanical tension plays a large role in cell development ranging from morphology to 
gene expression. On the molecular level, the effects of tension can be seen in the dynamic 
arrangement of membrane proteins as well as the recruitment and activation of intracellular 
proteins leading to downstream signaling cascades regulating transcription. Forces applied to 
biopolymers during in vitro force measurements offer greater understanding of the effects of 
tension on molecules in live cells, and experimental techniques in test tubes and live cells can 
often overlap. Indeed, when forces exerted on cellular components can be calibrated ex vivo with 
force spectroscopy, a powerful tool is available for researchers in probing cellular 
mechanotransduction on the molecular scale. Here we report the effect of peptide length on the 
tension sensing properties of GPGGA peptide repeats using single-molecule fluorescence-force 
spectroscopy. Additionally, we report on the mechanical properties of IκBα, a transcriptional 
regulator, and the C-terminal domain of RNA polymerase II. Modification of proteins and 
peptides for single-molecule studies was extended to incorporation of unnatural amino acids into 
a DNA helicase. Chemical modification of RNA was performed to enable total-internal 
reflection microscopy of single molecules of the guanine riboswitch aptamer domain, which is 
involved in transcription termination. The combined FRET data support a model in which the 
unfolded state of the aptamer domain has a highly dynamic P2 helix that switches rapidly 
between two orientations relative to nondynamic P1 and P3. At <<1 mM Mg2+ (in the presence 
of saturating guanine) or 1 mM Mg2+ (in the absence of guanine), the riboswitch starts to adopt a 
folded conformation in which loop-loop interactions lock P2 and P3 into place. Another 
transcription terminator, Rho helicase, was studied using single molecule techniques. Our 
observations confirm the tethered-tracking model for RNA-directed Rho motion and suggest a 
repetitive translocation mechanism involving reversible, step-wise threading of RNA through the 
central Rho cavity in discrete steps, leading to loop formation at the exit side of the cavity. Our 
data reveal that secondary structure and lower UC content of RNA impedes processive 
translocation and results in more backwards motion of Rho helicase. We propose a global model 
for Rho dynamics. Furthermore, these results provide general insights into the mechanisms of 
RecA-family helicases and ring-shaped ATPases. Preliminary studies with the human 
Argonaute2 nuclease will also be presented. 
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Chapter 1 
Introduction 
 
1.1  Fluorescence Reporting in Biology 
Biomolecular processes often occur on the size scale of nanometers: an order of magnitude 
smaller than the wavelength of visible light and beyond the resolution of conventional optical 
microscopy. The ability of fluorescent probes to respond to the immediate, nano-scale 
environment has enabled investigators to probe biochemical phenomena ranging from protein 
folding using intrinsic amino acid fluorescence quenching1  to fluorescence lifetime imaging of 
sub-compartments of intracellular organelles pioneered by Robert Clegg at UIUC.2 In these cases, 
the fluorophore responds to its environment and produces a measurable readout in the form of 
fluctuations in emission intensity or excited-state lifetimes. Indeed, the first example of a 
fluorophore, PRODAN, reporting environmental information such as polarity around the plasma 
membrane was characterized by UIUC professor Gregorio Weber.3 One approach to modern day 
fluorescence in biology involves the interaction of fluorophores with other fluorophores. Such 
interactions at ‘long-range’, too far for direct electron transfer between fluorophores, can be 
referred to as resonance energy transfer (RET). 
 
1.1.1 Förster Resonance Energy Transfer (FRET) 
FRET is the non-radiative, dipole-dipole coupling between two fluorophores. Energy 
absorbed by the ‘donor’ fluorophore, usually in the form of light, excites a donor electron from 
the ground state, S0, to some vibrational energy level in the first excited state, S1, on the order of 
femtoseconds (10-15). Vibrational relaxation, on the time scale of picoseconds (10-12), is the 
energy dissipation of the electron to the lowest energy level in the S1 state. Fluorescence is the 
return of the electron to the ground state accompanied by emission of a photon which, due to 
energy dissipation in the excited state, is typically of longer wavelength than the light absorbed 
initially. If an ‘acceptor’ fluorophore is in close proximity, much closer than the wavelength of 
the absorbed light, then energy of the excited state of the donor may transfer to the acceptor 
ground state electron and excite it to the S1 state (Figure 1.1a). The efficiency of this transfer 
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process is determined by the intramolecular distance between donor and acceptor molecules and 
the governing equation is given in Figure 1.1b (top equation).4  
The Förster radius, R0, is a constant value representing the distance between a donor and 
acceptor fluorophore that yields an efficiency of energy transfer of 50% in specific conditions. 
The value for R0 (in nanometers) is given by 𝑅! = [(8.785×10!")ɸ!к!𝑛!!𝐽(𝜈)]!/! 
where 𝚽D is the quantum yield of the donor, к2 is the orientation factor that is estimated at 2/3 
for freely rotating fluorophores, n is the refractive index of the medium separating the 
fluorophores and J(𝜈) is the overlap integral between the donor emission and acceptor absorption 
spectra. The larger the area of this spectral overlap, the larger the distance can be between the 
fluorophores while maintaining comparable energy transfer efficiency. This near-field process 
allows circumvention of the diffraction limit of light when used as a molecular ruler, as R0 
between organic dyes is on the order of 5 nanometers. 
1.1.2 Single Molecule FRET 
Measuring FRET between two individual fluorophores requires sensitive detectors and 
very low background.5 Despite these technical challenges, it is a useful endeavor because 
heterogeneity can be explored and synchronization of processes one wishes to observe becomes 
less important, as individual events and intermediate states obscured by ensemble averaging 
become clearly recognizable at arbitrary time points. 
First achieved by Ha, et al. in 1996,6 single-molecule FRET between organic dyes 
attached to biomolecules was performed by limiting the background signal using near-field 
scanning optical microscopy. Later, it was found that TIRF allows for comparable background 
reduction but with higher throughput with the use of wide-field microscopy (Figure 1.2, left).7,8 
Using a dichroic mirror capable of splitting emission signals from individual donor and acceptor 
molecules for imaging with a CCD camera (Figure 1.2, right), time-binned intensity values from 
both donor and acceptor molecules could be plotted and compared directly for calculating single-
molecule FRET values (EFRET = IA/IA+ID, with IA and ID being the intensity of acceptor and 
donor, respectively). The imaging area, as exemplified in Figure 1.2, right, is 70 µm x 70 µm 
imaged upon both halves of a CCD chip for simultaneous monitoring of up to 400 surface-
tethered molecules. 
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In this work, single-molecule FRET was used to measure several different types of 
dynamic processes with biological relevance. More recently, single-molecule FRET 
measurements with confocal microscopy was combined with force spectroscopy using optical 
tweezers for the first ever FRET-force measurements with protein, including an intracellular 
tension sensor. The remainder of the introduction will focus on the initial applications of such 
experiments to the growing field of mechanotransduction at the single cell and single molecule 
level.  
1.2   Forces in Biology 
The importance of transmission of force through the cellular components and the 
subsequent effect on biochemical pathways has only begun to be appreciated.9,10 Adhesive forces 
between cell surfaces and extracellular substrates of defined stiffness can significantly impact 
cell growth, differentiation, morphology and protein expression.11,12 The measurement of these 
forces at the single-cell and single-molecule level requires tools of unique spatial resolution and 
sensitivity.  Many micromanipulation and force reporter techniques have been developed to 
probe the mechanical forces exerted by cells13,14 ranging from mobile or dividing cells plated on 
wrinklable substrates 15, 16 to strengthening of integrin-actin adhesions upon direct manipulation 
of attached beads.17,18 Single molecule force spectroscopy studies have allowed for force 
measurements in vitro on the molecular level,19-22 and a major goal in physical biology is the 
determination of spatially and temporally resolved molecular interaction forces in living cells.  
Mechanical manipulation of proteins and protein complexes both in vitro and on cellular 
surfaces have contributed to our understanding in areas ranging from focal adhesion and 
cytoskeleton dynamics as well as cell motility17,23-26 to protein folding,27 protein-nucleic acid 
interactions28 and protein-protein interactions.29-32 The measurement of single molecule forces 
in vivo with similar precision and accuracy to that obtained with in vitro studies would make it 
possible to map the forces exerted within live cells in terms of tension. Correlation of in vivo 
force values with the increasing amounts of protein/nucleic acid folding data already available 
may lead to breakthroughs in understanding how cellular pathways are characterized, activated 
and mechanically controlled. An essential route to achieving these measurements is through the 
combination of cellular biology and single-molecule techniques. 
1.2.1    Techniques for Measuring Single-Cell Forces  
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Cell traction forces, generated by internal, actomyosin-induced tension which contracts 
the cell body, involve the transmission of intracellular force to the extracellular matrix (ECM).33 
These forces occur through biochemical and mechanical stimuli and promote cell motility when 
exerted against sufficiently stiff extracellular substrates; typically through non-covalent linkages. 
Many techniques have developed rapidly over the years that are capable of measuring these pico- 
to nano-newton forces. Notably, atomic force microscopy has revealed much about the 
interaction strength of membrane molecules and elasticity of cell surfaces34,35 and combining 
force imaging and measurements of elasticity on cell surfaces36-38 has recently allowed for 
observation of clustering of yeast cell-surface proteins.39,40 Flow chambers combined with video 
microscopy41 have been used for determining the effects of fluid shear stress on membrane 
proteins and cellular cytoskeleton remodeling42,43 as well as the strength of bacterial attachment 
to substrates.44 Several other techniques have been employed which focus on spatially resolved 
measurements of forces applied both by and to single cells, with real-time monitoring of cell 
dynamics and have even allowed for correlation with gene expression. The following sections 
will highlight these developments with emphasis on cell membrane-extracellular substrate 
interactions. 
 
1.2.1.1    Deformable Polymers 
Elastic, deformable silicone substrates developed in the early 80's were used to measure 
traction forces applied by spreading fibroblasts15 (connective tissue cells), and allowed for 
comparison of forces generated by different cell types which differ greatly in motility speed.45 
Furthermore, Harris and coworkers provided evidence of the extra utility of cellular traction 
forces besides cell locomotion45 This technique involves measuring the extent of wrinkling of the 
plastic substrate as observed through time-lapsed video microscopy. Improvements to sensitivity 
have involved UV-irradiated silicone substrates with greater flexibility and more observable 
wrinkling events, enabling higher spatial resolution in traction force measurements of 
keratocytes undergoing cytokinesis16 and leading and trailing edge locomotion.46 The inclusion 
of embedded marker beads in a pre-stressed silicone elastomer extended deformable substrata 
applications to fast moving cells, which paradoxically exert less force on the extracellular media 
than relatively slow-moving fibroblasts, thus producing very little wrinkling in the substrate.45,47  
Additional control of the mechanical properties of the substrate containing the marker beads has 
5 
	  
been achieved with the use of a polyacrylamide, rather than silicone, matrix by adjusting the 
acrylamide monomer concentration, giving even greater spatial resolution.48 Submicron spatial 
resolution of resting fibroblast traction forces was obtained with micropatterned elastic 
substrates.14 The magnitude of bead displacement or substrate wrinkling can be converted into 
force by measuring the deflection of calibrated microneedle tips by the same elastomeric media. 
Blunt microneedles have also been used to apply direct force to fibroblasts layered on 
polyacrylamide substrates, allowing for correlation of Focal Adhesion Kinase expression, focal 
adhesion formation and applied force.49  
 
1.2.1.2    Microposts 
The forces exerted by cells on an elastic medium have been further characterized with the 
recent development of elastomeric micropost arrays, which report on cellular traction force 
through the deformation of neo-hookian poly(dimethylsiloxane) (PDMS) cylinders acting as cell 
substrates.23 Using modern photolithographic techniques,50 Chen and coworkers fabricated 
elastic posts 2 µm in diameter with heights ranging from 1 to 12 µm. Additional capabilities in 
determining micropost deflection magnitudes and actuation of applied force can be obtained by 
seeding the PDMS molds with cobalt nanowires for development of magnetic microposts.51 
Adsorption of fibronectin allows for subsequent plating of a variety of cells expressing integrin 
receptors.52 This technique has directly demonstrated a positive correlation between the size of 
focal adhesions (FA) and the magnitude of FA-generated force. In addition, the rigidity of the 
micropost substrates influenced the differentiation of plated mesenchymal stem cells, with stiffer 
beam substrates promoting osteogenesis and more flexible rods associated with adipogenic 
differentiation.  
 
1.2.2   Single Molecule Force Spectroscopy  
Single-molecule force spectroscopy is used to determine both inter- and intramolecular 
forces within biomolecules and how biomolecules work against applied mechanical tension. 
Common examples include techniques like atomic force microscopy (AFM), glass microneedles, 
flow-induced stretching, magnetic tweezers and optical tweezers. Typically, the nucleic acid, 
protein or complex is attached between a flexible force transducer and a stiff substrate.  
Changing the distance between the substrate and transducer applies force to the tethered 
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molecule(s) which is usually determined by measuring displacement of the force transducer. 
Alternatively, force generation by the biomolecule itself can cause measurable transducer 
displacement. The stiffness, (k), of the transducer (typically a Hookean spring) in the above-
mentioned techniques ranges from 10-6 to105 pN nm-1, with the force (F) calculated by F = k x, 
where x is a measure of transducer displacement. For optical tweezers, the k value is ~0.005–1 
pN nm-1. Commonly, the accessible force range among the techniques is 10-2-104 pN with a time 
resolution on the scale of tens of milliseconds (sufficient for detecting many types of single-
biomolecule activity including that of DNA processing enzymes53-55), with stiffer transducers 
being less sensitive and more suited for detecting higher forces.19,20,56 Many of these techniques 
have the disadvantage of being very low-throughput, but they are currently the predominant 
methods for measuring single-molecule forces.57    
 
1.2.2.1   Single Molecule Optical tweezers  
Optical tweezers uses the gradient force of the focus of a laser beam to trap a dielectric 
bead on the size scale of the laser light wavelength.58 For micron-sized beads, a near-infrared 
wavelength (980, 1064 nm, etc.) laser is employed, which has the added benefit of minimizing 
damage to the sample.28  Depending on the laser power and the size and refractive index of the 
bead, the typical force range in optical tweezers experiments is 0.1-100 pN which is intermediate 
between that obtained with magnetic tweezers and AFM.21 Laser light scattered off the bead is 
detected by a position-sensitive detector like a quadrant photodiode and reports on the bead 
displacement from the laser focus.28 Remarkably, angstrom-level spatial resolution has been 
achieved with dual-laser traps using biomolecules like DNA tethered between two beads, 
allowing for single-base pair distances to be measured.59-61 Even torque has been applied with 
the technique for twisting DNA.62 To date, examples for optical trapping applications in single-
molecule biology have included protein-protein interaction,63 protein-nucleic acid interaction,64-
66 motor proteins,67-70,71,72 protein unfolding73-75 and nucleic acid structure.76-78 Table 1.1 shows a 
list of some biomolecules probed using single-molecule force techniques. 
 
1.2.2.2   Magnetic and Optical Tweezers with Living Cell Membranes 
Cell magnetometry involves the manipulation of magnetized microparticles with a weak 
magnetic field, referred to as magnetic tweezers.79 Experiments have often involved endocytosed 
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ferromagnetic particles for cytoplasmic rheology studies,80-82 and particle tracking analysis of 
beads displaced under constant force in the cytoplasm revealed intracellular applied forces from 
50 to 900 pN.83 Variations of the technique have involved functionalization of a microbead 
surface with cell-surface receptor ligands such as the RGD (Arg-Gly-Asp) peptide, which 
mimics the ECM protein fibronectin, for mechanical generation of angular strain in small patches 
of membrane integrin receptors.84 Mannix and coworkers successfully attached 
superparamagnetic nanoparticles to the membrane receptors of mastocytes through receptor-
antibody complexes.85 Upon applying a magnetic field with an electromagnetic microneedle, 
membrane receptor clustering through aggregation of attached nanoparticles led to cytosolic 
calcium signaling typical of ligand-induced receptor oligomerization. This technique was also 
used in combination with fluorescence resonance energy transfer (FRET). A Src-activity reporter 
construct containing a fluorescent protein FRET pair86 was expressed in vivo while a magnetic 
bead coated with RGD peptide was brought into contact with the surface of a live cell. This 
mechanical deformation promoted integrin-mediated Src activation, visualized through a 
conformational FRET change of a Src target reporter, to a comparable extent as addition of an 
endogenous integrin-activating ligand.87 
Single beam optical gradient traps (optical tweezers) have been utilized to trap 
intracellular structures88 and in cell surface experiments89 to probe the spatial localization of 
integrin receptors90 and membrane viscosity.91 Cell surface experiments involve beads 
conjugated with fibronectin,17 which approximates the ECM, or antibodies targeting cell surface 
receptors and placement of the bead near a particular section of the cell membrane with optical 
tweezers. Binding between cell surface receptors and functionalized beads allows for highly 
controllable, noninvasive manipulation of spatially defined attachment points along the cell 
periphery. The strength of bead binding to the cell surface reports on the integrin density at that 
location, and was used to observe the progression of membrane-bound integrin receptors to 
extending lamellipodia from the retracting edge of motile fibroblasts.90 Observation of reversible 
strengthening of integrin binding to fibronectin beads in response to trapping force provided 
further experimental connections between mechanical force and biochemical pathways, as 
phosphatase inhibition and antibody-coated beads (which bind integrins without activating 
integrin signaling) produced much less of a strengthening effect.17 Additionally, monitoring 
localization of GFP-tagged vinculin, a standard marker for focal complexes and adhesions, in 
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combination with optical tweezer manipulation, showed vinculin accumulation as a mechanism 
for integrin-ECM strengthening and focal adhesion formation in response to applied force.92 
Additional characterization with optical tweezers and molecular biology techniques by Sheetz 
and coworkers identified the integrin-cytoskeleton adhesion protein talin as a sensor of force 
exerted at integrin-ECM binding sites, recruiting vinculin for subsequent focal adhesion growth 
and strengthening of integrin-ECM interactions.93 
1.3   Interdisciplinary Approach to Force Measurement 
Given the significant effects mechanical force has on the interconnected phenomena94 of 
cytoskeletal remodeling and intracellular signaling,9 it is of interest in understanding the forces 
exerted on an even smaller scale: the response of individual biomolecules to external mechanical 
tensions. The recruitment of structural and signaling proteins to isolated actin cytoskeletons upon 
stretching of cells treated with detergent on collagen-modified silicone sheets further 
demonstrates the connection between mechanical forces exerted on proteins and biochemical 
pathways.25 Mechanical unfolding of single talin proteins, which are involved in focal adhesions 
and linked with the cytoskeleton as force transducing agents, reveals previously unexposed 
protein binding sites capable of recruiting and activating the cytoskeleton-membrane crosslinker, 
vinculin.95 Even with whole cells, single molecule force measurements can be performed on 
membrane bound proteins.39,40 Careful manipulation of live cells with optical tweezers has 
allowed for direct measurement of the strengths of individual integrin receptor-RGD ligand 
linkages at 20-100 pN.96,97 The single-molecule techniques useful in exerting and measuring 
mechanical tension in proteins help in resolving how force modulates biological processes in the 
cell with applications in systems ranging from DNA recombination98 and transcription64,99 to 
muscle contraction.100-103  
 
1.3.1   Fluorescence as a Force Reporter 
The amount of information extracted from single molecule mechanical manipulation 
experiments has increased with the incorporation of fluorescence imaging optics. Total internal 
reflection microscopy (TIRM) and optical tweezers were combined for fluorescence imaging and 
manipulation of individual molecular motors,104 and Ishijima and coworkers extended the 
method to simultaneous observation of coordinated myosin force generation and fluorescently-
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labeled ATP binding.105 Spatially coincident, simultaneous fluorescence emission and force 
measurements allowed for more sensitive force determination by using shorter tethers connecting 
the bead with the biomolecule.106,107 In step with these advances, many groups developed assays 
combining single molecule fluorescence resonance energy transfer (smFRET)6 or other types of 
fluorescence measurements with magnetic tweezers,95,108,109 optical tweezers,98 flow-induced 
stretching110,111 and AFM.112,113   
The ability to measure fluorescence emission with force spectroscopy offers a reporter 
method for the effects of force on the biomolecule. In the case of smFRET, an approximation of 
the end-to-end distance of the molecule can be determined as a function of applied force, and 
vice versa. For determining in vivo forces, this fluorescence-force combination is promising 
because common single-molecule force transducers such as beads, microneedles and AFM tips, 
while useful for probing outer membrane forces of cells, are not as readily applicable inside the 
cell. Because fluorescent protein expression in vivo, including expression of proteins forming 
FRET pairs, has already shown promise in the development of cellular biosensors, a 
fluorescence-based force sensor holds promise. Fluorescence is an excellent choice as reporter, 
since it can be readily combined with in vitro force assays as well as cellular microscopy and 
intracellular protein localization studies. Thus, in vitro calibration methods are possible for 
determining forces from in vivo fluorescence data, and recent progress will be highlighted below.   
1.3.2   Biological Force Sensors  
At present, the inability of single-molecule force techniques to measure intracellular 
forces directly predicates development of novel in vivo force sensors which can then be 
calibrated with in vitro force measurements through a common read-out both techniques share 
(e.g., fluorescence). A step was taken in this direction by Liphardt and coworkers where a 
fluorescent force sensor was designed using single-stranded DNA as an entropic spring.108 The 
DNA ends were covalently modified with a FRET pair and a FRET-versus-force curve was 
plotted by monitoring donor and acceptor emission while pulling on the DNA using magnetic 
tweezers. The FRET-sensitive force range determined from this calibration was ~1-6 pN. The 
DNA force sensor was applied to measuring the compressive force required to bend ssDNA108 
and varying lengths of double-stranded DNA114 into loops. However, there was no obvious route 
to put such a sensor into the cell as the construct is not genetically encodable. 
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1.3.2.1 Selection of in vivo Force Sensor Candidates using in vitro Assays 
The development of biological force sensors with tunable force sensitivity ranges would 
be necessary to monitor a broad range of biological forces. Force spectroscopy studies have 
shown that various biopolymers have unique mechanical elastic properties. Upon extension and 
unfolding, DNA, RNA and polypeptides can be described by the WLC model,78,102,115 and the 
varying flexibilities of the biopolymer force sensor candidates can be characterized in terms of 
well understood parameters such as, for example, persistence length and reversibility of 
unfolding. Knowledge of these properties may be useful in selecting force sensor polymers or 
modifying select polymers for different force regimes. Additionally, the force sensor should be 
readily introduced into the cell. While DNA-based force sensors hold many advantages to 
peptide sequences such as ease of modification and handling,116 proteins can be expressed in vivo 
and so could potentially bypass the requirement of manual injection inside the cell. Inside the 
cell, it is desirable that the selected force sensor protein sequence folds and unfolds reversibly 
and interacts very little with cellular components.  
The following protein systems can be considered as potential force sensor transducers 
because they are capable of reporting, via fluorescence signal, folding or activity changes, on a 
wide range of biologically-relevant forces. In monomeric and dimeric talin molecules, force 
increments from 0 to 12 piconewtons were applied with magnetic tweezers.95 Fluorescently-
labeled vinculin molecules free in solution bound to the different folded states of talin, and 
bound vinculin proteins were counted by the number of observed photobleaching steps. Higher 
force applied to talin exposed more vinculin-binding sites, resulting in more bound vinculin 
molecules. By correlating applied force with physiologically relevant protein-protein 
interactions, the amount of force applied to the focal adhesion protein talin can be inferred from 
the degree of vinculin binding and vice versa. AFM pulling studies on spectrin117 and ankyrin118 
repeats revealed forces in the range of 25-40 pN required for sequential unfolding of each 
subunit. Polyubiquitin chains119 required slightly higher forces for domain unfolding at 120 pN. 
Titin, which contains a kinase domain predicted to be activated by tension,120 has potential as a 
force sensor in biological applications. Unfolding of the immunoglobulin and fibronectin 
domains of titin requires forces ranging from 150-300 pN,102,121 but unfolding of the kinase 
domain, titin kinase, requires significantly weaker pulling forces < 50 pN,101 which are closer to 
those experienced at the molecular level in the cell. Thus, the force exerted on titin kinase can be 
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approximated by kinetic measurements of its kinase activity. Furthermore, repeats of one of 
titin’s immunoglobulin domains were engineered to contain a disulfide bond that, upon 
stretching, became exposed to reduction by thioredoxin.122 The rate of bond cleavage increased 
as force increased, offering another method of inferring applied force based on the measurement 
of enzymatic activity.  
While these protein species are well-characterized, as a potential force sensor, it is 
possible that these bioactive samples would interact with cellular constituents if expressed as 
parts of in vivo force sensors. Furthermore, a requirement of in vivo force sensors is that they 
accurately report on the applied force in a readily measurable fashion in live cells. It is therefore 
advantageous to develop a force sensor that can be genetically encoded and is made of 
heterologous elements so that potential interaction with the cellular constituents is minimized. 
Next, we discuss one such example, based on fluorescent proteins linked through a peptide 
derived from a spider silk protein.  
1.3.2.2   In-Vivo Tension Sensing 
The fluorescence biosensor concept was applied to other protein systems with the desire 
of obtaining structure-function relationships by measuring protein conformation as correlated 
with localization. Because vinculin is an important crosslinking protein in focal adhesions, it 
represents an excellent target for monitoring tension applied to the cell membrane externally or 
through the cytoskeleton. Composed of a head domain that interacts with talin,95 α-actinin123 and 
various integrin and cadherin-related cell adhesion proteins,124 and a tail domain that links to the 
cytoskeleton by binding to F-actin, vinculin usually remains autoinhibited through 
intramolecular head-tail domain interactions while free in the cytoplasm.125,126 Vinculin-binding 
partners can sever this head-tail interaction by disrupting the helical bundle in the vinculin head 
domain, leading to activated vinculin binding at focal adhesion sites and force-induced 
strengthening of membrane integrin-ECM attachment sites.92,127,128 In an attempt to correlate 
spatial localization with head-tail domain conformation and activity, vinculin constructs were 
designed to contain an intramolecular fluorescent protein FRET (fpFRET) pair.129  The FRET 
acceptor, YFP, was inserted between the head and tail domains, and the FRET donor CFP was 
fused to the C-terminus. The folded, autoinhibited conformation of vinculin places the 
fluorescent proteins close together and they exhibit stronger FRET. This vinculin fusion 
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construct expressed in live cells exhibited lower FRET when localized at focal adhesion sites, 
and this open conformation was required for colocalization with a fluorescently-labeled vinculin 
binding partner.129 Importantly, this study demonstrated the utility of modular proteins with 
independently active domains for producing in vivo biosensors, as probes may be inserted 
between the domains without sacrificing function. 
Intramolecular fpFRET biosensors report on conformational changes in response to 
localization and activity, but there has been much progress in extending their application to 
tension sensing in vivo.130 Taking advantage of the modular protein approach common in 
biology, Meng et al designed an fpFRET cassette, or module, consisting of a Cerulean donor and 
Venus acceptor connected by an α-helical linker.131 Attachment of both termini of the module to 
a silicone polymer sheet revealed FRET decrease upon sheet stretching. The authors placed the 
module within several host proteins for in vivo expression, including actinin which displayed 
increased FRET at lagging edges of motile cells, indicating less strain applied locally to the 
cytoskeleton. A related technique, proximity imaging (PRIM), was used by Iwai and Uyeda132 to 
investigate strain between within the myosin II protein. PRIM takes advantage of the spectral 
shift accompanying the conversion of 2 GFP moieties between monomer and dimer forms.133 
The authors designed a module with 2 GFP proteins linked together by a flexible linker, and this 
module was inserted between the 2 motor domains of myosin II. Binding to actin causes 
conformational changes in the motor domains and this was expected to disrupt the GFP dimer as 
determined by the shift in emission wavelength to that typical of the GFP monomer. Cells 
expressing the module motor construct were treated with triton, leaving only the cytoskeletons 
containing F-actin and myosin. The addition of ATP to the medium resulted in emission 
indicative of dimerized GFP and myosin release from actin filaments. Thus, fluorescence readout 
of the presence or absence of strain within motor proteins could be obtained by simply 
expressing a module construct within the gene coding for a protein of interest.  
These studies made clear that fluorescent proteins tethered by a flexible linker can be a 
useful approach to molecular force sensing in biology. Additionally, ideal proteins for insertion 
of these force sensor modules were those with modular domains capable of independent activity 
(e.g. vinculin, myosin II). However, an element missing from these studies was a correlation of 
the fluorescence signal with force values and quantitation of the tension exerted on the proteins 
in situ. This calibration issue was addressed by Grashoff et al.,57 with the design of a tension 
13 
	  
sensor module based on an fpFRET pair (mTFP1, donor and Venus, acceptor) connected by 
random coil linker derived from the spider silk protein flagelliform. The repeat amino acid motif, 
GPGGA, is a major component of flagelliform silk and has properties similar to elastin.134,135 
This module was inserted between the head and tail domains of vinculin to form the construct 
VinTS, which localized to membrane focal adhesions when expressed in mammalian cells 
(Figure 1.3a-c).  FRET values in live cells were determined using fluorescence lifetime imaging 
microscopy (FLIM)136 with which the fpFRET signal can be differentiated from cellular 
autofluorescence  more readily than with intensity-based measurements. Figure 1.4a shows a 
wide distribution of lifetimes for the VinTS construct expressed in cells plated on fibronectin 
substrate. A control construct, VinTL, containing the tension sensor module and vinculin head 
domain, but missing the tail domain required for interaction with the cytoskeleton, displayed 
only high FRET (blue color, short mTFP1 lifetimes), which indicates that VinTS is experiencing 
tension transduced through the cytoskeleton by binding to the membrane integrin proteins via the 
head domain and the cytoskeleton with the tail domain. Myosin inhibition reduced the force 
exerted by cells, as measured by traction imaging with micropost arrays,23 and increased the 
average FRET value of VinTS to levels similar to VinTL controls. Thus, tension generated at 
vinculin sites was at least in part due to cytoskeletal rearrangement.  Tension on vinculin was 
further observed to decrease with the size of focal adhesions along the retracting edge of motile 
cells, while vinculin tension in small, newly forming focal adhesions along the leading edge of 
cell migration was initially quite high. These data provide evidence for the correlation of tension, 
as reported by a gradient of fluorophore lifetimes and the derived FRET values, applied to 
vinculin and cell localization and motility rather than only conformational change. The FRET 
data was calibrated using a single-molecule force spectroscopy assay with the purified linker 
construct and an organic dye FRET pair (Figure 1.3d). FRET values were monitored 
simultaneously with the application of pN forces, and multiple cycles of stretching and relaxation 
curves for a single peptide linker are shown in figure 1.4c.  A plot of the average FRET versus 
force curves for several molecules (Figure 1.4d) demonstrates little to no hysteresis between 
stretching and relaxation, indicating reversible folding and unfolding of the tension sensor 
module. From this calibration, the average force applied to individual vinculin molecules in 
resting cells was determined to be ~2.5 pN.  
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1.4   Figures and Tables 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1  Fluorescence Resonance Energy Transfer. (A) Jablonski diagram of the energy 
levels within donor and acceptor molecules. Black lines are vibrational energy levels within each 
main energy state, the S0 ground state and S1 excited state. (B) Depiction of FRET efficiency 
versus distance. When R = R0, EFRET is 50%. 
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Figure 1.2  Two-Color Total-Internal Reflection Fluorescence (TIRF) Microscopy. (Left) 
Optical setup for TIRF imaging with a dual-channel EM-CCD detector. (Right) CCD image of 
donor and acceptor channels in single-molecule TIRF imaging. Yellow circles indicate emission 
from donor and acceptor dyes collected from the same imaging area/molecules.  
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Table 1.1 Biological Forces Measured with Single-Molecule Force Spectroscopy In- vitro 
                Description   Force (pN) Measuring techniques          References 
Force to break a covalent bond ~10
3 AFM 137 
Force to unzip DNA/RNA 9-20 Glass microneedles, Optical tweezers 
77,138-140 
Average stall force  of 
cytoskeletal motor proteins 
(myosin, kinesin and dynein) 
3-7 Optical tweezers, Glass 
microneedles 
67-70,141 
Average stall force  of DNA -
binding protein motors 
(RNA/DNA polymerase, FtsK) 
25-57 Optical tweezers, Glass 
microneedles 
64-66,142 53 71 
The force to disrupt the bond 
between two actin monomers 
108±5 Glass microneedles 143 
The force to disrupt fibronectin-
integrin-cytoskeleton linkage 
2  Optical tweezers 144,145 
Adhesion force between biotin-
strepavidin 
160±20 AFM 146,147 
Typical adhesion force range 
between a cell-surface-receptor 
(intergrins, cadherins, selectins) 
and its cognate ligand 
~5-300 
AFM, BFP, Flow-
induced stretching, 
Optical tweezers 
30-32 
Typical adhesion force range for  
antigen/antibody pairs 
~10-500 AFM, BFP, Optical 
tweezers 
30-32 
Unfolding force of a protein 
domain (titin) 
30-300 AFM, optical tweezers 73,74,102 
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Figure 1.3   In vivo Tension Sensor. (a) A fluorescent protein tension sensor module that can be 
expressed in vivo. This design was utilized with mTFP and Venus as donor and acceptor proteins, 
respectively, connected by a peptide linker. (b) The tension sensor module was inserted between the head 
and tail domains of vinculin protein to form the vinculin tension sensor (VinTS). (c) Confocal image of 
localization of VinTS to the outer membrane when expressed in live cells. Scale bar, 20 µm. (d) Cartoon 
depicting in vitro single molecule force fluorescence assay used for force calibration of the peptide linker 
in the tension sensor.57  
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Figure 1.4   Mapping of in vivo fluorescence data with force. (a) FLIM confocal images of cells 
expressing VinTS. Color scale bar represents lifetimes of donor mTFP1 which can be converted into 
FRET values. Red represents low FRET and blue is high FRET. (b) A tailless mutant of the vinculin 
tension sensor, VinTL, will not experience applied force without the ability to bind the actin cytoskeleton. 
Blue color indicates higher FRET. Scale bar, 2µm. (c) Single-molecule trace of peptide linker undergoing 
multiple stretching and relaxing cycles. FRET decreases as force increases and vice versa, as determined 
from anti-correlated Cy3 (green) and Cy5 (red) intensity. (d) Averaged FRET versus Force curves of 
several molecules reveals little hysteresis upon stretching and relaxing. Error bars represent s.e.m. 
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Chapter 2 
Spider Silk Peptide is a Compact Nanospring Ideal for 
Intracellular Tension Sensing 
 
 
2.1   Introduction 
The ability to measure intracellular forces would contribute substantially to the studies of 
stress regulation and mechanotransduction. Several possible candidates for intracellular force 
sensing modules have been examined using computational modeling along with biochemical3 
and single-molecule force spectroscopic techniques.2 Although molecular scale force reporters 
based on DNA4 or polyethylene5 should be useful for examining nano-architectures and 
extracellular structures, spring-like peptides with calibrated force-extension properties are the 
most desired candidates to serve as in vivo tension reporters due to the relative ease of their 
incorporation into the intracellular protein environment. Thus far, applications have centered on 
cell-ECM contacts. Major load-bearing protein superstructures in mammalian cells called focal 
adhesion are involved in force transmission between the extracellular matrix and the actin 
cytoskeleton and their size and protein constitution are highly force-dependent.6-8 A cross-linking 
protein in focal adhesions, vinculin (latin: vinculum; bond of unity or ligament), contains head 
and tail domains which associate with the membrane-bound integrin receptors via talin9 and the 
actin cytoskeleton,10 respectively. In the absence of talin, the head (Vh) and tail (Vt) domain of 
vinculin are bound together in a closed, auto-inhibited state,11 and interactions with focal 
adhesion-binding partners convert vinculin to the open conformation.12 The open conformation 
of vinculin within focal adhesions is likely a major load-bearing unit in cell-cell junctions13,14 
and focal complexes mediating cell migration15 and has been the target of studies attempting to 
monitor the tension transduced through the cell membrane and cytoskeleton.2,16,17 Because the 
head and tail domains of vinculin interact with binding partners separately,10 it is possible to 
incorporate a tension sensing element between the domains. 
Because force sensors based on peptides can be expressed in the cell, many of the cell 
membrane permeability issues that arise from introducing synthetic polymer-based sensors can 
be bypassed. These tension-sensing peptides have been incorporated as flexible polymers 
between fluorescent proteins (FPs), which report on the end-to-end distance of the linker through 
a fluorescence spectral shift18 or fluorescence resonance energy transfer (FRET).3,16 A defined 
	   27 
peptide flanked by a donor FP and an acceptor FP is our tension sensor. Higher FRET values are 
expected at low forces whereas FRET should be lower at high forces. Fluorescence-force 
spectroscopy has been developed in the past 15 years19,20 and extended to FRET 
determination21,22 to take advantage of the sub-nanometer sensitivity in distance determination 
with FRET while applying sub-piconewton (pN) forces to individual molecules. The FRET 
signal obtained from organic dyes employed in fluorescence-force spectroscopy can be 
compared to FP FRET values when the same elastic peptide linker is introduced between the 
fluorophores, allowing a straightforward conversion between intracellular FRET efficiencies and 
forces. Using 8 repeats of the peptide motif (GPGGA), derived from the spider silk flagelliform, 
as a 40 a.a. linker, in cell FRET measurements and calibration using in vitro fluorescence-force 
spectroscopy led to an estimated force of ~2.5 pN transmitted across vinculin.2 No hysteresis was 
observed in single molecule FRET vs. force curves during stretching and relaxation, suggesting 
that the peptide equilibrates its conformations rapidly upon force changes, making it a good 
tension-sensing element in the cell. For the 40 a.a. peptide, significant FRET changes occurred in 
the force-range of 1-6 pN, which is a useful range for several biological systems23,24 but different 
tension sensing elements that are sensitive to higher or lower force ranges can potentially extend 
the reach of this approach. Here, we examined the mechanical properties of 5, 8 and 10 repeats 
of GPGGA (hereby referred to as F25, F40 and F50) using fluorescence-force spectroscopy.  
We found that all three peptides behave as linear springs with the stiffness decreasing 
with increasing peptide length. F50 displays the highest FRET sensitivity at low forces and F25 
is sensitive to high forces. Fluorescence lifetime imaging microscopy (FLIM) of tension sensors 
inserted into vinculin in living cells showed that vinculin remains in the closed conformation 
until incorporation into focal adhesions in which similar force values are obtained for all three 
constructs. Our data demonstrate that the flagelliform repeat peptide is a robust force sensor with 
a potentially tunable force sensitive range.    
 
2.2   Results and Discussion 
2.2.1   Construction of Force Sensors 
We obtained FRET efficiency as a function force from single peptides using a hybrid 
instrument combining optical tweezers and confocal microscopy as previously described.2,22 The 
peptides had terminal cysteines at both ends which were conjugated to amine-labeled DNA 
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oligonucleotides using bifunctional crosslinkers.25 Flagelliform peptides were expressed as GST-
fusions for purification and solubilization purposes (Figure 2.1B). Upon thrombin cleavage of 
the GST tag, free peptides were purified by FPLC and HPLC. Mass spectrometry confirmed the 
correct size (Figure 2.1C). The peptides were engineered to contain two cysteines, one at each 
end of 5, 8 and 10 repeats of GGPGA, and amino-modified DNA oligonucleotides were attached 
to both ends of a given peptide with maleimide conjugation via an SMCC bifunctional 
crosslinker (Figure 2.1A,D,E). Purification of DNA-peptide conjugates from excess DNA was 
performed with FPLC or PAGE (Figure 2.1D,E). In some experiments, we used two different 
oligonucleotides so that three distinguishable protein-DNA conjugates can be obtained and the 
construct containing one peptide and two distinct oligos was PAGE purified. In other 
experiments, we used a single DNA oligonucleotide and purified constructs containing one 
peptide and two identical oligonucleotides with equivalent results (see Figure 2.2 for more 
details).  
 
2.2.2   Fluorescence Measurements with TIRF and Confocal Microscopy 
An oligonucleotide with a 5’- biotin and a 3’-Cy5 and another oligonucleotide with 3’-
Cy3 were annealed to the oligonucleotides that are covalently linked to the peptide ends (Figure 
2.3A). TIRF measurements were performed with this construct immobilized to a polymer-
passivated surface though a biotin conjugated to one of the oligonucleotides. For fluorescence-
force spectroscopy, a 5’ overhang of Lambda DNA (Promega) was annealed to the Cy3-labeled 
oligonucleotide and the other 5’ overhang of the Lambda DNA was annealed to a digoxigenin-
labeled oligonucleotide for attachment to a bead coated with anti-digoxigenin (Figure 2.1F and 
bottom). TIRF measurements showed the expected trend of the lowest FRET for F50 and the 
highest FRET for F25, and a single peak observed for each construct indicates that, at zero force, 
each peptide has a predominant conformation that is stable during the time window of 
observation (Figure 2.3A). 
  In fluorescence-force spectroscopy, a 1064 nm laser was used to trap the bead attached to 
the end of a Lambda DNA. The sample stage was laterally moved in the x and y direction and 
the force values were read to determine the location of the surface tethered peptide. The piezo 
stage was used to move the surface-bound construct at the constant speed of 455 nm s-1 to 
increase the force gradually until the peptide was 14-17 µm away from the bead (Figure 2.3B). 
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The lambda DNA and the tethered peptide experience forces up to 25 pN in this process. Single 
molecule fluorescence intensity time trajectories for Cy3 and Cy5 emission were collected for 
several cycles of peptide stretching and relaxation (Figure 2.3C). As the force is raised, FRET 
decrease as evidenced by a gradual decrease in the acceptor signal and a gradual increase in the 
donor signal. 
 
2.2.3   Fluorescence-Force Curves 
Averaging the time trajectories gives a plot of FRET efficiency vs. force for each 
construct (Figure 2.4A). We obtained identical FRET vs. force curves during stretching and 
relaxation, showing that up to 20 pN of force, the peptide equilibrates rapidly to changes in force 
to obtain the new equilibrium length without any net energy dissipation. At the lowest force (~ 1 
pN), F25 displayed the highest FRET value, and F50 the lowest, as expected. Above 11 pN of 
force, all three constructs exhibited zero FRET efficiency. Considerably higher force was 
required to stretch F25 to zero FRET value compared to F50, and F40 showed intermediate 
behavior. Figure 2.4B shows a plot of the FRET values converted to extension as a function of 
force (see Methods). 
The extension vs. force curves were linear, which is surprising because we expected the 
peptide, with no known structures, to behave as a nonlinear spring. Linear fits for the low force 
data points (well within the FRET sensitive distance range of <9 nm) are shown for each curve 
and the compliance, which is the inverse of stiffness, was calculated as the slope of the curve. 
The compliance is proportional to the peptide length (Figure 2.4B), consistent with a linear 
spring. We included the terminal cysteines in the peptide length calculations. The normalized 
compliance, which is the compliance divided by the number of amino acids, was found to be 
11.9 ± 0.3 picometers(pNamino acid)-1 by fitting the compliance vs. peptide length plot to a 
line. The linear fit extrapolated to zero amino acids gives a compliance of zero, indicating that 
the SMCC crosslinkers are not contributing to the force-extension curves and that the measured 
spring constants are reporting only on the flagelliform peptide and flanking cysteines. The 
contribution of the crosslinkers to the measured FRET efficiencies can be extrapolated by 
plotting the end-to-end distance of the Cy3-Cy5 pair at zero force versus number of amino acids 
(Figure 2.4D). The y-intercept (corresponding to zero amino acids) in Figure 2.4D of 3.75 nm 
should correspond to the cross-linker length, which is nearly identical to the expected length of 
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two SMCC molecules (Figures 2.1 middle and 2.5). This non-flexible behavior is expected for 
the rigid, aromatic structure of SMCC,26 which has been assumed stiff in previous force 
spectroscopy experiments.25  
We then obtained the end-to-end distance of the peptide at zero force, which we call R 
here, by extrapolating the linear fits in Figure 2.4B to zero force correcting for the crosslinker 
length. R is 1.2 nm for F25 and is exactly double, 2.35 nm, for F50. For an ideal polymer R ~ 
N1/2 is expected where N is the polymer length. If excluded volume effects are included, R ~ 
N3/5.27 Defining N as the number of amino acids, fitting the data to R ~ Nν gives an exponent, ν, 
of nearly 1 (Figures 2.4D, inset, and 2.6). The flagilliform linker therefore behaves as a linear 
spring with highly compact structure (R/Lc = 0.12 ± 0.0016, with Lc being the contour length) 
and the contribution of each amino acid to total length is 0.4-0.5 Å (Figures 2.4D and 2.6). Taken 
together, the data can be explained by a periodic, folded structure of 5 mer repeat units, each 
repeat contributing 0.24 ± 0.005 nm to the construct length at zero force (figure 2.6). 
Remarkably, F25 increased its length from 1.2 nm to 6.3 nm, representing a 500% increase in 
length while maintaining linearity. 
 
2.2.4   Live Cell FLIM Analysis 
To test whether our calibration of the three lengths is self-consistent in determining 
intracellular force values, F25, F40 and F50 were individually inserted between a fluorescent 
protein FRET pair composed of an mTFP donor and venus (A206K) acceptor. This tension 
sensing module, TSmod (Figure 2.7A), was then incorporated between the head and tail domain 
of vinculin and expressed in (type?) cells as described previously.2 Vinculin under low force, 
measured when cells are cultured on poly-lysine surface (so that integrins are not engaged), 
exhibited similar FRET efficiencies for all three lengths determined by fluorescence lifetime 
imaging microscopy (Figure 2.7C). Focal adhesion formation due to integrin-ECM interactions, 
measured from focal adhesion complexes in cells cultured on fibronectin surface, led to a 
decrease in TSmod FRET efficiency overall, with FRET efficiency decreasing with increasing 
linker length. Our data are consistent with vinculin remaining in the closed in the absence of 
specific integrin-fibronectin interactions. Focal adhesion formation and cell spreading lead to 
force transduction across an open vinculin conformation displaying apparent TSmod FRET 
values that decreased with increasing flagelliform linker length (Figure 2.7C, green).  
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Conversion of these intracellular FRET efficiencies to force using the plot shown in Figure 2.7B 
(see Materials and Methods for details) gave an average force value of 1.5 ± 0.24 pN for the 
three linker lengths (1.81, 1.35 and 1.44 pN for F25, F40 and F50, respectively), confirming the 
validity of TSmod as a robust force sensor with potential for tuning the force sensitive range.   
 
2.3 Conclusions 
F50 has the highest compliance; that is, it changes its extension most with force. 
However, a relatively small force value of ~5 pN causes the F50 end-to-end distance to exceed 
the FRET sensitive range (~9 nm). In contrast, F25 exhibits a linear dependence of extension on 
forces for a much greater force range (2-11 pN). Because F25 has the lowest compliance, one 
may be tempted to say that F25 would not be as sensitive to force changes as F50. But because 
the actual readout is FRET efficiency, we need to compare the slope of FRET vs. force curves. 
Measuring the slopes of the FRET curves in Figure 2.4a between the force values of 2 and 6 pN 
yields nearly identical values, indicating little loss in fluorescence readout sensitivity as peptide 
compliance decreases with increasing length. Small force values (< 2 pN) would still be more 
sensitively measured with longer peptide linkers due to the low-force plateau most prevalent 
with F25. This might partially explain the larger error bars for the F25 TSMod FRET data for 
cells plated on poly-lysine in Figure 2.7C, particularly since the intracellular force values 
measured in this study were ~ 1.5 pN. However, conversion of in vitro FRET values to distance 
(Figure 2.4b) indicates that F25 would extend the measurable force range to 10 pN: significantly 
higher than longer linkers.       
 
2.3.1   Scaling 
The nature of the flagelliform repeats’ structure can be inferred from the scaling behavior 
of the three lengths used in this study. The end-to-end distance of each peptide is approximately 
12% of the calculated contour length, which suggests a highly compact structure, but the linear 
relationship between number of amino acids and end-to-end distance (Figure 2.4D, inset) are 
indicative of a rigid rod. The calculated extensions for each construct at zero-force (Figure 2.4D, 
corrected for cross-linker length) suggest a length contribution of each amino acid of 0.47 ± 0.04 
angstroms, which agrees well with the monomer length of 0.44 angstroms obtained from the 
linear fit shown in the inset of Figure 2.4D. These values multiplied by five give a GPGGA 
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length contribution between 2.2 and 2.5 angstroms, suggesting an ordered, rod-like coil (Figure 
2.6). Flagelliform repeat sequence is derived from spider silk protein found in the capture silk 
which can stretch as much as 500% if hydrated.28 F25 can undergo a linear expansion of 500% 
without showing hysteresis according to our data, and it is likely that the same is true for F40 and 
F50 although we could not actually test this because of limited distance range of FRET. 
Therefore, the remarkable elasticity of the spider capture silk may have its origin not only in how 
the peptides are cross-linked, but in the elastic properties of the peptides themselves. 
 
2.3.2   Plateau 
     The observation of a plateau Figure 2.8) in extension change versus pulling force has been 
observed for other systems.29,30 For long polymers composed of multiple Kuhn lengths, three 
distinct force, or elastic, regimes of extension have been identified, but the transition from the 
low-force to high-force regime was explained assuming a decrease in the tensile screening length 
as swollen coils were stretched to form ideal chains.27,31 Given the rigid nature of all three 
lengths, L, of peptide in this study, we assume the end-to-end distances are on the order of the 
persistence length and the work required to align the peptides along the pulling axis (Figure 
2.8A, B) must be greater than the thermal energy, kBT. During the reorientation process, the end-
to-end distance is not expected to increase. Once aligned with force greater than kBTL-1 (Figure 
2.8B), further pulling force unwinds the rigid coil as an entropic spring to yield the compliances 
listed in Figure 2.4B. The prediction for the force at which this reorientation occurs is 
kBTnanometers-1, being 0.89 to 3.4 pN for F50 to F25, respectively. As the predicted force 
value for F50 is near the lower limit of the force range of our optical trap, the lack of plateau 
observed for F50 was not unexpected (Figure 2.8D). A threshold of 2 pN was chosen for selected 
traces from each peptide construct, of forces above and below which linear fits were compared to 
give a ratio that showed clear peptide length-dependence (Figure 2.8D).  
 
2.3.3   TSMod 
The FRET efficiency of the intracellular TSMod construct when plated on poly-lysine 
likely reflects the closed conformation of vinculin in which the head (Vh) and tail (Vt) domains 
interact with each other but not with focal adhesion binding partners. This is a likely explanation 
for the similar FRET efficiencies (~0.31) for the three constructs (Figure 2.7C, red columns). 
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Cells plated on fibronectin substrata spread out through specific, force-dependent interactions 
through integrins.32 Focal adhesion growth in spreading cells recruits vinculin to these force-
bearing sites where talin and actin interact with Vh and Vt, respectively. Cells on fibronectin 
exhibited a decrease in FRET at focal adhesion sites compared with averaged FRET efficiencies 
in poly-lysine plated cells.2 F25, F40 and F50 TSmod constructs follow a trend of decreasing 
FRET efficiency with increasing length within FAs, suggesting that interaction with FA 
constituents promotes an open-conformation structure under tension. To convert the cellular 
FRET efficiencies to force values, the distance change between Vh and Vt from effectively zero 
pN force to the applied tension within focal adhesions must be determined and compared to the 
corresponding distance change measured in the peptide force-extension curves in vitro. It is 
unlikely that vinculin exists in focal adhesions without applied tension,33-35 so zero-force controls 
have included live-cell FRET measurements of tailless mutants of the F40-TSMod, which 
exhibits a similar FRET efficiency to the full-length TSmod when both are measured in 
hypotonic cell lysates.2 Our data suggest a model of vinculin recruitment to focal adhesions, 
where reversal of the autoinhibited state prior to application of tension across bound vinculin 
leads to a FRET efficiency comparable to the closed conformation (Figure 2.9, model 2). The 
change in distance between the FPs in TSmod as determined by the FLIM-derived FRET values 
from poly-lysine- (closed conformation) and fibronectin- (open conformation) plated cells can be 
compared to the distance change from zero force to some f > 0 determined from force-
fluorescence measurements. We assume that the FRET efficiency does not change upon 
disruption of the Vh-Vt interaction before force is applied as depicted in model 1 of Figure 2.9. 
Following the assumptions in model 2 (Figure 2.9, right), forces can be determined by 
comparing the FP end-to-end distances calculated by the red and green bars in Figure 2.7C for a 
given construct.  Intracellular FLIM-derived FRET values were converted to corresponding 
TSModCy dye separation distances by assuming that FP end-to-end distances on poly-lysine 
(intracellular zero-force values) represented the same flagelliform linker end-to-end distance of 
TSModCy constructs at zero-force (y-intercepts of Figure 2.4B). The TSModCy end-to-end 
distances were 1.85, 1.25 (agreeing with previous estimates2) and 0.72 nm greater than the poly-
lysine-plated TSMod counterpart. These differences were assumed to remain constant at all 
forces throughout the stretching cycles for a give peptide (Figure 2.4A,B). Thus, we assume the 
intracellular forces extending the end-to-end distance of the peptides from a distance 
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corresponding to the autoinhibited vinculin state to some peptide-length dependent value in FAs 
is the same force required to stretch individual peptides the same total length starting from the 
zero-force end-to-end distance in Figure 2.4B. The force values derived using this assumption 
for the three constructs are 1.81, 1.35 and 1.44 pN for F25, F40 and F50, respectively, giving an 
average force applied to vinculin in resting cells of 1.53 ± 0.24 pN. This value is similar to 
previous intracellular measurements with the F40 peptide.2 Furthermore, the similarity in force 
with the slip bond between talin-integrin-fibronectin complexes36 implies that the tension felt in 
focal adhesions is close to the dissocation force for key FA contacts, which is an intuitively 
pleasing mechanism for explaining the dynamic nature of focal contact-anchored cell migration 
processes6 among other focal adhesion-mediated signaling pathways.8,37 
 
2.3.4   Future Directions in Force Sensing Transducers 
The force-transducing properties of flagelliform peptides have been investigated with 
fluorescence-force spectroscopy and further demonstrated by their incorporation into 
intracellular tension-sensing modules. Simply changing the length of the peptide cross-linker can 
control sensitivity to different force regimes and intracellular measurements of three lengths 
under the same cellular traction force yield a consistent force value, indicating the dependency of 
intracellular FRET values of TSMod on the peptide force-transducing properties while cells are 
under tension. This study supplies clear evidence for the tunability of a single peptide repeat 
motif as an in vivo force sensor, but other potential force-transducing candidates are being 
investigated.3 One such example is the GGS repeat motif. Preliminary studies indicate that the 
spring constant is very similar to that of F40 (Figure 2.10).   
 
2.4   Materials and Methods 
2.4.1   Expression and Purification of Flagelliform Peptides  
All flagelliform sequences were generated with PCR with the reverse primer 
TTAGAATTCCATATGAGAACCACGCGGAACCAGGCAAGCACCGCCCGGACCAGCAC
CGCCAGGGCCGGCACCACCAGGGCCCGCGCCACCTG. F25 was made using the forward 
primer TATGGATCCGGTTGTGGACCTGGCGGT-GCCGGCCCAGGTGGCGCGGGCCC. 
F40 was constructed with the forward primer 
TATGGATCCGGATGCGGCCCGGGTGGCGCCGGTCCGGGCGGCGCTGGTCCTGGCGG
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CGCGGGCCCAGGCGGCGCTGGCCCAGGTGGCGCGGGCCC and F50 was obtained with 
the forward primer TATGGATCCGGTTGTGGTCCTGGCGGCGCGGGCCCAGGC-
GGCGCTGGCCCGGGTGGCGCCGGTCCGGGCGGCGCTGGTCCTGGCGGCGCGGGCCC
AGGCGGCGCTGGCCCAGGTGGCGCGGGCCC. The sequences for the 25, 40 and 50 amino 
acid flagelliform constructs with flanking cysteines and thrombin cleavage sites were inserted 
into the pGEX 4T3 vector downstream of the glutathione S-transferase (GST) affinity tag 
between the BamH1 and EcoR1 restriction sites and transformed into Bl21(DE3)pLysS 
competent cells. Expression of GST-flagelliform peptides was induced with 0.5 mM IPTG and 
following chemical lysis of cell pellet with 2 mg/mL lysozyme, cell lysate was passed through 
aGSTrap 4B prepacked column (GE Healthcare). The GST-peptide fractions were eluted with 10 
mM reduced glutathione (Sigma-Aldrich) and either digested with 10 mg/mL thrombin for 6 
hours at 4 °C or frozen at -80 °C for later use. The free peptides were separated from the 
thrombin mixture using size exclusion with a Superdex 75 (GE Healthcare) column and a 0.4 M 
NaCl aqueous solution as the mobile phase. Peptide fractions were concentrated and desalted 
using SepPak Plus C8 cartridges (Waters) with a 0.1% trifluoroacetic acid mobile phase and a 
stationary phase of 50% acetonitrile. Further purification with the same solvents was performed 
with reverse phase chromatography on a 4.6x150mm, 3.5um SB-C8 column (Agilent). The 
peptide elution was confirmed with mass spectrometry and speed vacuumed to dryness. 
 
2.4.2   Preparation of the Cy3/Cy5 Force-Sensor construct for TIRF and Force-
Fluorescence Spectroscopy 
 
Two DNA handles with 5’ amine modifications (Oligo1: 5’-
CCCACGCGCGACTACCCAGC and Oligo2: 5’-GCCTCGCTGCCGTCGCCA) were dissolved 
to 1 mM separately in 25 mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA (T150). A 200x molar 
excess of succinimidyl 4-[N-maleimidomethyl]cyclohexane-1-carboxylate (SMCC – Sigma-
Aldrich) was dissolved in DMSO and added to each DNA in a 6:1 ratio of DMSO to T150 (v/v).  
Incubation at room temperature for 2.5 hours was followed with ethanol precipitation by adding 
NaCl to 250 mM and 2.5 volumes cold ethanol directly to the DMSO/T150 mixture and cooling 
at -20°C for 1 hour. The precipitate was collected by centrifugation at 18,000 xg for 20 min and 
washed with 70% ethanol. The SMCC-modifed DNA pellets were dissolved in T150 and 
centrifuged to remove insoluble, unreacted SMCC and ethanol precipitation was repeated. 
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SMCC-DNAs were aliquoted in T150 (approximately 20 nmoles per 50 uL) and each was passed 
through Bio-Spin 6 columns twice. Alternatively, the oligos were purified after ethanol 
precipitation using FPLC with T150 as the mobile phase. The oligos were added in a 1:1:1 ratio 
to dried flagelliform peptide (10 repeats, 40 amino acids) and incubated overnight at 4°C. 
Unreacted SMCC-oligos were removed from the oligo-peptide conjugate with FPLC purification 
or by polyacrylamide gel-electrophoresis (PAGE). Cy3 and Cy5/Biotin labeled DNA strands 
were annealed to the oligo-peptide conjugate for smFRET TIR by mixing 250 pmoles each of the 
DNA-modified peptide, a biotinylated strand (5’-biotin-TGGCGACGGCAGCGAGGC-Cy5’) 
and an oligo containing the λ-DNA cos site (5’-
GGGCGGCGACCTGCTGGGTAGTCGCGCGTGGG-Cy3’) in 10 mM Tris:HCl (pH 8.0) and 
250mM NaCl with 1 mM EDTA overnight at 4°C. For fluorescence-force experiments, λ-DNA 
(Promega) was annealed to the Cy3-Cy5 annealed conjugate by following the protocol described 
previously,22 Briefly, 16 nM λ-DNA (Promega) with 0.5 M NaCl and 0.2 mg/mL BSA was 
heated to 90 °C for 10 min before quick cooling for 5 min on ice. The Cy3/Cy5 Biotin annealed 
flagelliform construct was added to 10 nM and incubated at 4 °C for 3 hours before addition of 
200 nM of a digoxygenin-modified oligo (5’-AGGTCGCC-GCCCTTT-dig-3’) for annealing 
with the cohesive end of λ-DNA.  The final construct contained a single digoxygenin tag at the 
λ-DNA end and a biotin tag at the flagelliform peptide site. 
An alternative, simplified method utilizing only one amino modified oligo for peptide 
coupling was utilized in constructing 5 (F25) and 10 (F50) repeat peptide conjugates (Figure 
2.2). Oligo2 was modified with SMCC and purified as described above and added to dried 
peptides in molar excess. Peptides with two attached oligos were of only one species and purified 
from free oligos with PAGE. For Cy3/Cy5 annealing, the same Cy5/biotin strand mentioned 
above was used, but the sequence GGGCGGCGACCTTGGCGACGGCAGCGAGGC-Cy3-3’ 
was used as a handle for lambda DNA annealing.  
 
2.4.3   Single-molecule TIR spectroscopy for Measuring Zero-Force FRET Values 
Quartz slides (G. Finkenbeiner Inc.) were passivated with polyethyleneglycol (PEG) and 
1-2% biotin-functionalized PEG (mPEG-SC-5000 and Biotin-PEG-SC-5000, Laysan Bio). Flow 
chambers constructed with double-sided tape (Scotch) and glass coverslips (No.1.5, VWR) were 
coated with 0.2 mg/mL NeutrAvidin (Pierce) before introduction of 50 pM biotinylated peptide-
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oligo constructs in T150. Wide-field, prism-type total-internal reflection spectroscopy was 
performed with an inverted microscope and emission collected through a 60x, 1.2 NA water 
immersion objective (Olympus) in imaging buffer optimized for fluorescence-force experiments 
(see next section). The first 300ms of smFRET trajectories imaged through an EMCCD detector 
(iXon, Andor) were averaged to generate smFRET histograms of > 103 molecules for each 
flagelliform construct. Donor background fluorescence/gamma corrections were employed in 
calculating FRET efficiencies.38  
 
2.4.4   Fluorescence-Force Spectroscopy 
Assembly of the sample chamber for force-fluorescence spectroscopy was previously 
described.22 Sample chambers were constructed with glass slides (Gold Seal) functionalized with 
PEG and PEG-biotin, double-sided tape and borosilicate cover slips (No. 1, VWR). After 
flowing through NeutrAvidin in T150 buffer, the chambers were incubated with 1 mg/mL each 
of BSA (Sigma) and yeast tRNA (Ambion) for 30 min before introduction of 10 pM biotinylated 
flagelliform-oligo-lambda DNA constructs. Anti-digoxigenin-coated, Protein G-coated 1 µm 
polystyrene beads (Polysciences) were added to the chambers for attachment to the free ends of 
the tethered constructs. Imaging buffer included 1x PBS, 10 mM Tris (pH 7.5), 0.5 mg/mL BSA, 
0.5 mg/mL yeast tRNA, 0.1% Tween 20 (Sigma) and 3 mM Trolox. An oxygen scavenging 
system was also added to the imaging buffer consisting of 0.5% (wt/vol) D-glucose, 165 U/mL 
glucose oxidase (Sigma) and 217 U/mL catalase (Roche).  
Force-fluorescence experiments were performed at room temperature on a previously 
described optical tweezers/single-molecule confocal fluorescence setup.22,39 A trapping laser 
(1064 nm, 800 mW, Spectra-Physics) held a bead tethered through lambda DNA to a surface-
bound peptide while the stage translated back and forth in two orthogonal directions to determine 
the approximate position of the Cy3/Cy5-labeled construct. Precise determination of the x-y 
location was performed by raster scanning the area with the confocal excitation laser (532 nm, 30 
mW, World StarTech) and manual selection of single-molecule donor and acceptor emission 
profiles. For data collection, the surface-tethered peptide was moved from 14 µm to 16.7-16.9 
µm away from the trapped bead at a constant stage translation speed of 455 nm s-1. The 
excitation beam remained centered on the surface-tethered peptide by a piezo-controlled mirror 
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for measuring Cy3 and Cy5 fluorescent emission intensities (44 ms time resolution) as a function 
of force..  
2.4.5   Cellular Microscopy 
Vinculin (-/-) cells were grown in DMEM containing 10% Fetal Calf Serum, non-
essential amino acids, and penicillin/streptomycin.  Cells were transfected using Lipofectamine 
2000 per manufacturer instructions. The following day, cells were seeded on No. 1.5 microscope 
cover glasses coated with 10  µg/ml fibronectin or 20  µg/ml poly-l-lysine.  After 1 hour, cells 
were fixed in 4% formaldehyde and imaged within 24 hours. Fluorescence lifetime imaging and 
intracellular FRET values were obtained as previously described.40 
 
2.4.6   Intracellular FRET Conversion to Force 
Zero force FRET values of TSMod constructs expressed in cells plated on poly-L-lysine 
(Figure 2.7C) were converted to distance, RZV, using the FRET equation assuming an R0 value of 
6 nm. These values were about 6.8 nm, likely reflecting the closed conformation of free vinculin 
not bound in focal adhesions (see Figure 2.9). The difference between these values and the 
corresponding in-vitro zero-force distance values of 5.0, 5.6 and 6.1 nm for F25, F40 and F50, 
respectively (calculated by extrapolation of each curve to the y-axis in Figure 2.4b) yielded the 
conversion factor, δ (1.8, 1.2 and 0.7 nm, respectively), for comparing intracellular and in vitro 
measurements. Distances were calculated from FRET values obtained from each TSMod 
construct expressed in cells plated on fibronectin (RFV, Figure 2.7C) and the corresponding 
conversion factor, δ, was subtracted from these distance values to yield CyMod distances. 
Likewise, these δ values were added to the corresponding in vitro distance values in Figure 2.4B 
to obtain the plot in Figure 2.4D, which was converted back to FRET values shown in Figure 
2.7B. The difference between CyMod distances (i.e., the end-to-end distance of the intracellular 
TSMod converted to the distance scale of Figure 2.4b using δ) and the corresponding in vitro 
zero-force distances was divided by the compliance value, α, for the given peptide length 
calculated in Figure 2.4b to obtain the intracellular force values applied to vinculin. This process 
is equivalent to measuring the total intracellular distance change between zero-force (here, 
obtained from cells plated on poly-lysine, RZV) and applied force (obtained from cells on 
fibronectin, RFV) samples and dividing by the compliance, α, of the linker length used in the 
study.  
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We start with the FRET equation and solve for distance. 
 𝑬 = 𝟏𝟏+ 𝑹𝑹𝟎 𝟔 
𝑹 = 𝑹𝟎 𝟏𝑬− 𝟏 𝟏𝟔 
 
We use this equation to obtain the absolute distance change of the intracellular FRET sensor 
using zero-force (RZV) and applied force (RFV) samples.  
 𝑹𝑭𝑽 − 𝑹𝒁𝑽 =   ∆𝑹𝑽 
 
The absolute distance change is then simply divided by the linker compliance, α, to obtain the 
applied force as obtained by the slopes in in Figure 2.4b. The compliance for any arbitrary length 
flagelliform peptide linker can be found from the slope, β, of the line in Figure 2.4c. 
 ∆𝑹𝑽, 𝑜𝑟  𝑒𝑥𝑡𝑒𝑛𝑠𝑖𝑜𝑛 = 𝐹𝛼 𝑭 = ∆𝑹𝑽/𝛼 𝜶 =   𝜷 ∗𝑵+   𝜸 
 
with β = 0.01196 nm/pN aa and γ nearly zero at 1.255E-4. Upon substitution, a single equation 
may be employed to determine intracellular force values using three input variables of zero-force 
FRET, applied-force FRET and peptide linker length, N. 
 (𝑹𝟎 𝟏𝑬𝑭𝑽 − 𝟏 𝟏𝟔- 𝑹𝟎 𝟏𝑬𝒁𝑽 − 𝟏 𝟏𝟔)/(𝟎.𝟎𝟏𝟏𝟗𝟔   ∗𝑵+   𝟎.𝟎𝟎𝟎𝟏𝟐𝟓𝟓) 
 
= ∆𝑹𝑽/𝜶 = Force 
 
with R0 being the Förster radius for the given FRET pair of the tension sensor. 
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2.5   Figures 
 
 
 
Figure 2.1   Experimental Scheme for Flagelliform Force Sensor Synthesis and Analysis. A. 
Mass spectra of amine-modified DNA before and after reaction with SMCC. B. Purification of 
the GST-peptide fusion protein (rightmost band) after expression in E.coli (left two bands, before 
and after expression). C. Mass spectra of different length peptides post-cleavage and purification 
from GST tag. D. Conjugation product between SMCC-DNA and peptide analyzed with 
denaturing PAGE. Conjugate shows upward mobility shift in the left lane. E. Chromatogram of 
DNA-peptide conjugate during purification, revealing an additional peak corresponding to 
product. F. Fluorescence-force analysis of DNA-tethered peptides yield FRET vs. Force curves 
to compare to in vivo FRET data. 
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Figure 2.2   Two schemes utilized for peptide-oligo conjugation. Two peptide-oligo conjugation 
schemes were employed; two different oligos were attached to one peptide (left, scheme A) and 
two identical oligos were attached to one peptide (right, scheme B). Scheme A led to a mixture 
of covalently bound peptide-oligo conjugates with the correct construct requiring PAGE or 
FPLC purification. Annealing gave one product. Scheme B gave one conjugated product (which 
still benefited from PAGE/FPLC purification) but formed three annealing products (bottom 
right).  
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Figure 2.3   Single-Molecule TIRF and Force-Fluorescence Analysis of peptides. A. FRET 
probability histograms for F25, F40 and F50 obtained from TIRF assay depicted in the cartoon 
on the right. B. Force-Fluorescence Spectroscopy assay with the bead held still while force is 
applied to each peptide as the stage moves laterally at constant speed. C. Individual pulling 
traces show decrease in FRET as applied force increases. Multiple cycles can be obtained for a 
single molecule before fluorophore bleaching or tether breaking. 
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Figure 2.4   Force-extension curves of peptides Reveal Compliance and Linker Length. A. 
Average of stretch-relaxation cycles from multiple molecules. Hysteresis is not observed. B. 
Force-extension curves reveal peptides to act as linear springs at low forces. Extension up to 8 
nm can be calculated accurately from FRET data. C. Compliance shows a linear dependence on 
peptide length with y-intercept at ~0, indicating minimal if any contribution of linkers to peptide 
elasticity. D. Extrapolation of end-to-end distance at zero force versus peptide length to the y-
intercept indicates the linker length. Inset: same plot as Figure 2.4D on the natural log scale and 
corrected from linker length (y-intercept of Figure 2.4D).  
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Figure 2.5   Construct comparison and intracellular force determination. A. Approximate 
dimensions of the Cy3/Cy5 force construct with inter-dye distances determined from FRET 
measurements and cross-linker length approximated from Figure 2.4D. This value agrees with an 
approximation calculated with ChemDraw, B. The contribution of dye lengths to FRET is a 
common estimate (unpublished data). TSMod estimate from FRET values and crystal structures 
of fluorescent proteins. Estimates are with the F40 flagelliform linker. C. Fit from Figure 2.4c 
shown for estimating compliance from arbitrary linker length. D. Calculated TSMod FRET vs. 
Force curves for each peptide linker. See Materials and Methods for details. E. Equation derived 
in Materials and Methods for determining force from two intracellular FRET measurements. EFV 
is the intracellular FRET value determined when force is applied to to TSMod, and EZV is a zero 
force control FRET value. N is the peptide linker length in number of amino acids. 
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Figure 2.6   The compaction of the peptides, as characterized by the ratio of end-to-end distance 
corrected for the crosslinkers to contour length (aN, with a being the typical amino acid here 
assumed 0.38 nm), implies that some folded structure exists for the repeat sequence. Top left: 
Same plot as Figure 2.4B with linker length (3.75 nm) subtracted from extension (y) values. Top 
right: Plot of end-to-end distance vs. # amino acids on the natural log scale. A linear fit yields a 
slope of approximately one and a monomer length, a, of 0.44 angstroms. Assuming the compact, 
ordered structure is formed due to the 5-mer repeats, discussing the monomer length from the 
contribution of 5 amino acids (~2.2 angstroms) is more intuitive.  
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Figure 2.7   FLIM Analysis of TSMod Constructs. The vinculin TSMod construct in A (crystal 
structures41-43) was expressed in live cells plated on either poly-lysine or fibronectin. FRET 
versus force curves, B, were calculated from in vitro curves in Figure 2.4B using conversion 
factors described in the Methods section for obtaining intracellular force values from FRET data 
in plot C. FRET values were similar for all three peptide linker lengths within TSMod when cells 
were plated on poly-lysine. Cell spreading in contact with fibronectin induced focal adhesion 
formation and decreases in FRET consistent with the length of the flagelliform linker (C). 
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Figure 2.8   Correlation of plateau slope with number of amino acids. A randomly oriented rigid 
rod requires work greater than the thermal energy divided by rod length to become aligned along 
the direction of pulling force (A and B). FRET vs. force curves were selected for single-
molecules (some plotted in panel C) and linear fits were applied for data less than and greater 
than 2 pN after converting FRET values to extension in nanometers. Slopes are plotted in panel 
D. Slopes below 2 pN increase with peptide length, but with all lengths (except F50), the slope 
below 2 pN is less than the slope of individual curves between 2 and 8 pN. The ratio of the 
averaged slopes below and above 2 pN is shown at the bottom of panel D.  
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Figure 2.9 
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Figure 2.9   Possible conformations of Zero-Force vinculin-TSmod in focal adhesions. Data in 
Figure 2.7 indicate that vinculin in cells plated on polylysine remains in the closed position. Cell 
spreading on fibronectin leads to a FRET decrease that is greater in magnitude for the longest 
flagelliform linker, F50, and least for the shortest linker, F25. The change in FRET value 
between the polylysine and fibronectin plated cells was considered the difference in extension 
from zero force (polylysine) to applied force (fibronectin) on vinculin for force calculations. This 
assumption is valid if Model 2 is correct (right), with vinculin binding in focal adhesions leading 
to unbinding of the head and tail domain without notable change in FRET value from the 
autoinhibited, closed vinculin conformation (free vinculin, top). Model 1 depicts the possibility 
that unbinding of the head and tail domain leads to a sudden FRET change at very low forces, 
which would preclude the assumptions in our force calculations. We believe Model 2 is correct 
because it yields consistent force values (1.5 ± 0.25 pN) for all three constructs and the 
correction factor for F40 FRET to Force conversion of 1.2 nm is consistent with previous 
estimates of zero-force constructs.2 
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Figure 2.10 Another potential force transducing peptide: the GGS motif. Thirteen repeats of 
GGS, flanked by two cysteines, were stretched and relaxed with the same technique and DNA 
handles. (Top left) FRET vs Force for extension and relaxation cycles for 14 molecules. (Top 
right) Conversion of FRET to distance. (Bottom) Comparison with F40 shows very similar force-
extension curves. Note that the GGS peptide contains one additional amino acid. 
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Chapter 3 
Fluorescence-Force Spectroscopy of a Post-Transcriptionally 
Modified C-Terminal Domain Peptide of RNA Polymerase 
II and Folded Protein IκBα   
 
 
3.1   Introduction 
3.1.1   CTD of RNA Polymerase II 
The C-Terminal domain (CTD) of eukaryotic RNA polymerase II (pol II) consists of up 
to 52 repeats of the sequence Tyr-Ser-Pro-Thr-Ser-Pro-Ser, modification of which through serine 
phosphorylation regulates different stages of mRNA transcription by recruiting protein cofactors 
required for proper mRNA processing.1 Very little is known regarding the structural changes 
induced in the CTD by the sequential phosphorylation of predominantly serine residues as 
transcription proceeds from initiation to elongation and termination. The hypophosphorylated 
form of CTD characteristically associates with the transcription preinitiation complex at the 
promoter, whereafter the position of pol II along the gene-coding DNA is correlated with a 
specific phosphorylation formula of the CTD.  For example, Ser-5 phosphorylation by 
transcription factor IIH promotes activity of 5’ RNA modifying enzymes on the newly emerging 
transcript while pol II is near the 5’ gene end, while Ser-2 phosphorylation, by the positive 
transcription elongation factor complex, is involved in pol lI processivity, splicing and 
polyadenylation and increases near the 3’ end of the nascent transcript.2,3  
 
3.1.2   IκBα 
The approximately 33-amino-acid, six ankryin-repeat motif of IκBα is characterized 
mainly by helix-loop-helix structure and is involved in the regulation of the NFκB transcription 
factor in eukaryotic cells. IκBα binds NFκB, preventing importation into the nucleus and 
inhibiting the role of the NFκB transcription factor as the ‘central mediator of the human 
immune response’.4 While ankyrin repeats 1-4 are stably folded, the 5th and 6th ankyrin repeat 
domains of IκBα are flexible and contribute to its rapid degradation in the cytoplasm, ensuring 
rapid action of NFκB. However, binding of NFκB by IκBα stabilizes the latter’s 5th and 6th 
domains, inhibiting NFκB action and prolonging the intracellular, cytoplasmic half-life of the 
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complex. Indeed, IκBα mutants with stabilized 5th/6th repeats (specifically the dual mutant 
Y254L and T257A, or “YLTA” mutant) have prolonged half-lives even when not bound to 
NFκB.5-7 AFM measurements of ankyrin repeat polymers indicated that about 37 pN of force 
were required for unfolding each repeat, which refolded at 32 pN.8,9  
 
3.1.3   Fluorescence-Force Analysis of Cysteine-modified CTD and IκBα Variants 
We have developed a single-molecule fluorescence-force spectroscopy assay to monitor 
the rigidity of CTD in multiple phosphorylated states,10,11 and various domains of the ankyrin 
repeat protein, IκBα. We have constructed a 4-heptamer repeat CTD peptide covalently attached 
to DNA handles through cysteine-maleimide coupling. Similarly, various cysteine mutants of 
IκBα were produced to allow for alternative pulling-geometries to elucidate weakly and strongly 
folded ankyrin domains. In both cases, we annealed the DNA-coupled peptide/proteins to 
Cy3/Cy5 labeled ssDNA linkers. One labeled strand contains a biotin on one end for surface 
tethering and the other contains the cos complementary sequence for annealing to lambda 
genomic DNA overhangs.  
 
3.2   Results and Discussion 
3.2.1   C-Terminal Domain of Pol II 
As stated in the introduction, the CTD is a repeat of seven amino acids that interacts with 
cofactors during eukaryotic transcription (Figure 3.1A and B). For our assay, we chose four 
repeats, the minimum number repeats capable of interacting with transcription factors,12 because 
we expected the end-to-end distance to be within the FRET sensitive range of 5-6 nm. However, 
it must be noted that CTD conformation, in contrast to our observations with the flagelliform 
peptide in Chapter 2, appears to be chain length dependent.13 DNA attachment to cysteines 
followed the same protocol described in the Material and Methods section of Chapter 2. Careful 
annealing conditions allowed for dual fluorophore/biotin labeled CTD peptides (Figure 3.1C) 
and total-internal reflection fluorescence (TIRF) spectroscopy revealed prominent, largely stable 
FRET populations, indicating a single equilibrium end-to-end distance (Figure 3.1D). 
 
3.2.1.1   Building CTD for TIRF Measurements 
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 Amine-functionalized DNA was coupled with the cross linker SMCC as described in 
Chapter 2. The resulting maleimide-functionalized DNA oligonucleotide was mixed with CTD 
peptide in solution and increasing the CTD concentration of this mixture resulted in a mostly 
single DNA oligos attached to single CTD molecules as well as polymers since CTD contains 
cysteines at both ends and forms consecutive disulfide linkages (Figure 3.2A). The figure shows 
that the addition of tris(2-carboxyethyl)phosphine (TCEP), which reduces disulfide bonds, does 
indeed reduce polymer formation. However, TCEP also reduces efficiency of cysteine-
maleimide coupling. Notice that the left of the top gel shows conjugation of two DNA 
oligonucleotides to a single CTD at lower CTD concentrations, whereas no dual conjugated CTD 
is observed in the presence of 1 mM TCEP on the right.  
 Similar titrations with [CTD] were attempted in presence of EDTA and DMSO was used 
as the reaction buffer as well (Figure 3.2B). In both cases, peptide polymerization was decreased. 
Due to difficulties in post-reaction clean-up (e.g., samples were centrifuged through several 
acrylamide spin columns), DMSO was not used for making the final constructs. However, 2-5 
mM EDTA was kept in all buffers. 
 After purification of dual-DNA conjugated CTD (CTD2DNAt), annealing of Cy3 
(DNAh) and Cy5/biotin (DNAb) labeled DNA oligonucleotides was optimized by performing 
annealing titrations with each oligonucleotide visualized with native polyacrylamide gel 
electrophoresis (PAGE) (Figure 3.2C). DNAh was the same 32 nucleotide (nt)-DNA 
oligonucleotide used for annealing the DNA-modified force sensor peptide to lambda DNA in 
Chapter 2. DNAb, which contains biotin at the 5’ end, is only 18 nt and thus produces smaller 
annealing products. Both strands contain 18 nts capable of annealing to the 18 nt DNAt 
oligonucleotide directly cross-linked to the peptide. Staining for all DNA, one can see in the 
absence of dye-labeled DNA only the CTD cross-linked to two DNAt oligonucleotides in the left 
lane. Small amounts of either DNAh or DNAb lead to a single upwards gel-shifted band 
indicating that only one of two DNAt oligonucleotides cross-linked to CTD has annealed to a 
dye-labeled DNA strand. As either dye-labeled DNA strand increases in concentration, a second, 
larger molecular weight band (corresponding to two dye-labeled DNAs annealed to 
CTD2DNAt) forms until only this band exists at high dye-labeled oligonucleotide 
concentrations. On the far right of the bottom gel are two bands with both DNAh and DNAb 
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added to CTD2DNAt for annealing. The three resulting labeling products are expected as 
detailed in Figure 2.2.  
 
3.2.1.2   TIRF Measurements 
 The annealed products were imaged using single-molecule TIRF microscopy and 
histograms were built from averaging the FRET values from the first 300 ms of short movies. On 
the left of Figure 3.3, we see a NaCl titration of the dual labeled CTD construct in PBS buffer.  A 
middle FRET peak emerges in all histograms which is minimized by incubation with TCEP after 
tethering the annealed constructs to the microscope slide, so we attribute the middle FRET peak 
to the polymerization products seen in Figure 3.2A, and an example of such products are 
depicted at the top left of Figure 3.3. Increasing NaCl increases FRET efficiency, indicating 
compaction of the peptide although the precise ion-pairing scheme is unknown. The right set of 
histograms displays a similar titration with a CTD construct containing four phosphates, one at 
the 2nd serine of each heptamer repeat. Again, FRET increases with NaCl. The hypothesis was 
that the electrostatic repulsion of the phosphates would be screened by higher salt, leading to 
higher compaction of phosphorylated CTD peptides with increasing salt (as with DNA14). This 
makes sense considering the lower FRET for phosphorylated CTD constructs (Figure 3.3, right 
and Figure 3.1), which might presumably be due to electrostatic repulsion of the phosphates and 
inhibition of peptide compaction. However, similar compaction was observed in the absence of 
phosphates. This might also indicate that the DNA handles at the termini of unmodified CTD are 
capable of electrostatic repulsion. Note that the top right of Figure 3.3 demonstrates the ability of 
TCEP to reduce the middle FRET peak we associate with disulfide linkages between peptides. 
 
3.2.1.3   Fluorescence-Force Spectroscopy of Individual CTD Peptides 
 Annealing of lambda DNA with subsequent bead attachment, outlined in Chapter 2, 
allowed for measurements with an instrument combining confocal microscopy and optical 
tweezers (Figure 3.4). A single pulling trace is shown at the top left (Figure 3.4A) which 
demonstrates a decrease in FRET with increasing pulling force, and a return to the high FRET 
upon relaxation. The right scatter plot (Figure 3.4B) shows the range of FRET values at a given 
force for the molecule in (A). In Figure 3.4C, we see a long pulling trace demonstrating the 
robustness of the technique in collecting multi-parametric data for extended times. At around 30 
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seconds, the intensity of the 532 nm excitation beam was increased and at about one minute, the 
pulling force was also slightly increased. Neither affected the FRET values obtained by the 
technique.  
 After averaging many cycles of stretching and relaxation for many molecules, FRET vs 
force plots were produced for three CTD constructs (Figure 3.5). In the absence of phosphates, 
FRET began around 0.7 and decreased almost linearly with force up to seven or eight 
piconewtons. At this force, the FRET was sufficiently low as to be insensitive to further changes 
in the end-to-end distance of CTD. It is possible that CTD was stretched to the contour length 
(maximum length) at around this force since this predicted length is approximately 10 
nanometers (the far limit of FRET sensitivity between Cy3 and Cy5). Addition of four 
phosphates to the CTD construct (either at the 2nd serine or the 5th serine position of each repeat) 
lowered the FRET value at low forces compared to CTD without phosphates. These low force 
FRET values matched the zero force FRET values obtained from TIRF imaging (Figure 3.1). As 
force increased, FRET would again decrease but more slowly than for CTD without phosphates. 
This indicates that the peptides are stiffer, as a smaller FRET vs force slope means less change in 
distance occurs per unit change in force. No differences were observed between 2nd position and 
5th position-modified phosphate CTDs. 
 In short, the addition of phosphates to CTD increases both the end-to-end distance and 
rigidity of the peptide. It is unclear how general these observations are. 
 
3.2.1.4   CTD Conclusions 
Additional experiments will include measurements of transcription factor binding events 
with the CTD repeat peptide while under force, and under various CTD phophorylation states. 
Potential experiments also include the addition of CTD specific kinases for real time observation 
of phosphorylation events in situ. These assays, currently under development, will be the first of 
their kind in allowing direct monitoring of physical protein-protein interactions in the 
biologically relevant and crucial area of eukaryotic transcription regulation.  
Recently, a CTD construct was designed and synthesized for use with high-resolution 
fluorescence force spectroscopy. Initial experiments have been performed and look promising in 
the hopes of sensitively probing nuances in CTD structure as a function of phosphorylation and, 
at least, determining whether CTD is being fully stretched to its contour length.   
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3.2.2   IκBα 
 Four different mutants of IκBα were created; each containing two cysteines at unique 
locations to probe the folding dynamics and rigidity of the six ankryin repeats. Two of the 
mutants were designed to probe the flexible 6th ankyrin repeat by placing one cysteine at the 6th 
repeat and another at the 2nd or 3rd repeat. The other two mutants probed the flexibility of the 4th 
and 5th repeat by placing one cysteine in those locations as well as one at the 1st and 2nd repeat, 
respectively. As mentioned in the introduction, the flexibility of the 5th and 6th repeats affects the 
half-life of IκBα that determines the fate of the NFκB transcription factor (Figure 3.6A). 
 
3.2.2.1   Preparation of IκBα  
 Being a folded protein, gel purification after coupling with DNAt (Figure 3.6B) was not 
an option. FPLC purification was employed after crosslinking and multiple chromatogram peaks 
were observed (Figure 3.6C). To the left of the chromatogram, we see undefined peaks 
corresponding to polymerized IκBα-DNAt conjugates, which were analyzed via PAGE as shown 
in Figure 3.6D. The main peak in Figure 3.6C, as revealed by PAGE in D, was collected and 
concentrated for annealing to dye-modified oligonucleotides. 
 
3.2.2.2   Fluorescence-Force Spectroscopy of the 6th Ankyrin Repeat of IκBα 
 After annealing with dye-modified DNAh and DNAb, followed by lambda DNA 
annealing and bead attachment, fluorescence force spectroscopy was used for applying forces at 
at the 6th repeat (Figure 3.7A). A single pulling trace for the 3rd-6th repeat geometry is shown in 
Figure 3.7B, and the averaged FRET vs. force curves for stretching and relaxing are shown in 
Figure 3.7C. The same experiment was performed while pulling against the 6th repeat at the 2nd 
repeat (Figures 3.7D and E), but this mutant additionally contained the YLTA mutation 
mentioned in the introduction, which increases the folding stability of the 6th repeat. Very little 
difference was observed in in the FRET vs force extension curves for the two constructs, 
although conversion of FRET to distance (Figure 3.8) reveals that slightly more force is required 
to stretch the YLTA mutant with significantly more hysteresis observed during relaxation (i.e., 
lower forces must be reached before the end-to-end distance returns to the original, low value). 
The stretching curves showed exponentially increasing slopes, indicating the proteins became 
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softer as pulling forces increased. Interestingly, the ankyrin repeat (AR) 3-6 WT mutant 
displayed a smaller end-to-end distance value upon relaxation which implies the protein ‘snaps’ 
back to a collapsed state upon relaxation after mechanical unfolding. This type of ‘reverse 
hysteresis’ behavior has never been reported previously in the literature. 
 
3.2.2.3   Analysis of the 4th and 5th Ankryin Repeats of IκBα 
 Single pulling traces for the wild type AR1-4 and AR2-5 are shown in figures 3.9A and 
C. As with the 6th repeat pulling experiments, drops in FRET were rather abrupt at a certain force 
(typically around 4 pN, although a few molecules remained stably folded until 8 pN of stretching 
force – data not shown). During refolding, both constructs would often display dynamics before 
returning stably to the high FRET state (see Figure 3.9C for an example). These dynamics were 
not observed with 6th repeat constructs. Figures 3.9B and D are the averaged FRET vs. force 
curves which show the expected hysteresis of refolding requiring lower force to obtain the same 
original, higher FRET value. It is notable, however, that jumps in the FRET value are observed 
upon relaxation to very low forces (close to zero) and this is particularly prevalent with AR2-5 
(Figure 3.9D). 
 Many molecules appeared to unfold irreversibly during pulling experiments. Figure 3.9E 
displays one such molecule that changes its behavior in response to force at around 11 seconds. 
Fluorescence intensity is drastically reduced and the dependence of FRET on force becomes 
almost linear – a behavior observed with unfolded peptides like CTD and the flagelliform force 
sensor (Chapter 2). This observation was not made for 6th repeat ankyrin proteins. 
 
3.2.2.4   Comparison Between All Four Constructs Confirms a Flexible 6th Repeat 
 At least one or two piconewtons of additional force is required to unfold AR2-5 and 
AR1-4 versus the 6th repeat ankryin proteins (Figure 3.10A). There is little difference observed 
upon relaxation (Figure 3.10B). The higher FRET values at low forces for AR2-5 and AR1-4 
when compared with the 6th repeat proteins during both extension and relaxation indicate a 
higher degree of compaction for those proteins, which is expected given the higher forces 
required for unfolding. 
 
3.2.2.5   IκBα Conclusion 
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 Much work needs to be done in characterize the ‘reverse hysteresis’ observation with 
AR3-6. Currently, AR1-4 constructs are being synthesized to fully probe the stable structure 
within the core region of IκBα. Eventually, including NFκB should be possible, although as a 
transcription factor, it will likely bind the DNA tethers used in the force spectroscopy assays. 
 
3.3   Materials and methods 
CTD repeats with a cysteine at both termini were purchased from AnaSpec. All IκBα 
cysteine mutants were provided by Elizabeth Komives and their purification was previously 
reported.5 Modified DNA oligonucleotides were identical to those discussed in Chapter 2 as was 
the conjugation protocol. The only notable difference in sample preparation was that IκBα, being 
a folded protein, required post-coupling purification with FPLC. Additionally, optimization of 
coupling procedures was performed with CTD. These processes will be discussed in more detail 
in this section. 
 
3.3.1   DNAt coupling, purification and annealing of CTD 
Four repeats of the 7mer CTD sequence with two flanking cysteines were mixed with 1 
µM DNAt, comprised by the sequence 5’-amine(C6)-GCCTCGCTGCCGTCGCCA, which was 
already modified with SMCC as detailed in Chapter 2. Increasing amounts of CTD (100 nM to 100 µM) 
were titrated in 20 µL reactions containing 25 mM Tris (pH 8), 150 mM NaCl and 2-5 mM EDTA 
(T150) and DNAt (Figure 3.2). After 5 hours incubation at RT, samples were immediately 
analyzed with PAGE. 
Preparatory batches of CTD2DNAt were produced using a 3:1 ratio of CTD:DNAt and, 
after 5 hours incubation,  were placed through a Biospin P6 column (BioRad) once before 
purifying with 15% PAGE (bands were identified and excised using SybrGold staining). Upon 
retrieval of CTD2DNAt from the gel slice, further clean up with two Biospin P6 columns 
preceded annealing to DNAh (5’-GGGCGGCGACCTTGGCGACGGCAGCGAGGC-Cy3) and 
DNAb (5’-biotin-TGGCGACGGCAGCGAGGC-Cy5) in the ratio 1:1:1.2 (CTD:DNAb:DNAh) in 
T150 plus an additional 100 mM NaCl. 
 
3.3.2   DNAt coupling and purification of IκBα 
	   62 
 IκBα, containing cysteines, requires DTT in the storage buffer, which is T150 plus 5 mM 
DTT. Prior to labeling with DNAt, all ankryin proteins were purified via size exclusion 
chromatography (Sephadex 75, 23 mL column) using an FPLC and T150 as the mobile phase. 
Upon buffer exchange, IκBα was concentrated using Centricon spin columns (10kD MWCO - 
Millipore) before addition of DNAt modified with SMCC. After overnight incubation in T150 at 
4 °C, the mixture was again subjected to FPLC size exclusion purification (Figure 3.6) before 
repeating the concentration/annealing process. 
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3.4   Figures 
 
 
 
 
 
 
 
 
 
 
Figure 3.1   TIRF assay of RNA Polymerase II C-terminal domain.  (A)  Pol II crystal structure15 
with a model of the CTD accompanied by a  detailed  structure. (B)  Simple  schematic of Pol II 
modulation by  CTD  phosphorylation.1 (C)  Simple schematic  of  CTD  in our surface-tethered 
TIRF assay. (D) TIRF single molecule histograms of CTD in three phosphorylation states. 
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Figure 3.2   CTD  cross-linking  with  SMCC-modified  DNA  ligonucleotide. See materials and  
methods. (A) Titration of CTD with and without TCEP.  (B)  CTD titration in DMSO and in the  
presence of EDTA assist in reducing polymerization products.  (C)  Annealing titrations confirm  
CTD attached to two DNA oligos. 
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Figure 3.3   NaCl titration increases CTD compaction with relatively little dependence on 
phosphates. In the presence or absence of phosphate, FRET increases as [NaCl] increases. (Left) 
In the absence of phosphate, FRET is higher and increases with salt. (Right) Phosphates decrease 
FRET and increase end-to-end distance. The addition of TCEP diminishes the mid-FRET peak, 
which consists partially of polymerized CTD peptides (top left). 
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Figure 3.4   Fluorescence-Force Spectroscopy of the C-terminal domain without phosphates. (A) 
Single molecule displaying FRET changes as a function of force. (B) Scatter plot of FRET vs. 
force for molecule in (A). (C) Long single molecule trace illustrating how different excitation 
intensities (532 nm laser) yield consistent FRET values. 
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Figure 3.5   Combined  FRET vs.  force  plots  for  all CTD constructs. Both 2nd and 5th position  
serine phosphates increase end-to-end distance and rigidity versus the non-phosphorylated CTD  
sequence. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	   68 
 
 
 
 
 
 
Figure 3.6     Regulator  of  cellular  inflammation.  (A) IκBα  binds  to  NFκB  and prevents its 
transport into the nucleus. IκBα is normally digested rapidly when not bound.4 (B)  Gel showing 
DNAt (modified with SMCC) with and without IκBα. (C)  Chromatogram  of  IκBα  after DNA 
coupling. (D) PAGE analysis of chromatogram elution fractions. 
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Figure 3.7    Fluorescence-force  spectroscopy  of  IκBα  proteins  via  the  6th  ankyrin  repeat. 
(A)  Depiction of pulling geometery for AR2-6.16  (B)  Single  pulling trace for  AR3-6.  (C) 
Averaged stretching/relaxation curves for AR3-6.  (D)  Single pulling trace for AR2-6 YLTA 
mutant. (E) Averaged curves for stretching and relaxation of AR2-6.  
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Figure 3.8   Force-extension curves for the 6th repeat ankyrin proteins. Conversion of FRET to 
distance for AR3-6 (left) and AR2-6 (right) reveals strange hysteresis for AR3-6 WT (see main 
text).  
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Figure 3.9   Fluorescence-force spectroscopy results for 4th and 5th repeat ankyrin proteins. (A) 
Single pulling trace for AR1-4. (B) Averaged stretching/relaxation curves for AR1-4. (C) Single 
pulling trace for AR2-5. Note the dynamics upon refolding. (D) Averaged pulling/relaxation 
curves for AR2-5. (E) Observation of irreversible unfolding of AR1-4. 
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Figure 3.10   Combined FRET vs force curves for four IκBα mutants. (A) Stretching curves 
reveal that more force is required to partially unfold the AR1-4 and AR2-5 proteins than 6th 
repeat ankyrin proteins (AR3-6 and AR2-6 YLTA). (B) Relatively little difference is seen in 
relaxation curves other than higher overall FRET for non-6th repeat ankyrin proteins at low 
forces, indicating a higher degree of compaction. 
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Chapter 4 
Dual-labeling REP Helicase by Incorporating a Ketone 
Functional Group 
 
4.1   Introduction 
The genetic code consists of RNA sequences arranged in three nucleotide segments 
(codons) that correspond to one of 20 natural amino acids (Figure 4.1). The functional groups of 
the natural amino acids are quite generally characterized as acidic, basic, polar and non-polar. 
More specific properties include reactivity, such as the nucleophilic primary amine in lysine or 
thiol in cysteine and the electrophilic carboxyl carbon groups belonging to aspartic and glutamic 
acid.   Lysine (Lys), aspartate (Asp), and glutamate (Glu) comprise over 5% by mass of most 
proteins (with the exception of cysteine) and the side-chain functional groups of these amino 
acids are utilized in biology1 to form salt-bridges that maintain structural integrity and to harbor 
post-translational modifications including methylation and ubiquitination2 of Lys. The carboxylic 
acid moieties of Asp and Glu are often involved in bioinorganic coordination complexes.3 
Additionally, these functional groups are often coupled in the presence of N-hydroxysuccinimide 
(NHS) and carbodiimide crosslinkers for a variety of pursuits in bioconjugation.4  
Labeling of Lys and Cys residues of proteins with NHS-esters and maleimide-conjugates, 
respectively, is often non-specific because multiple Lys and Cys functional groups can present 
on protein surfaces. Another complication to site-specific Cys labeling is that many cysteines are 
buried within the protein interior and are not available for conjugation.5,6 In the case of dual 
labeling of proteins with fluorescent probes, site mutations are required to limit the number 
potential modification sites on the protein surface, as well as to control the spatial orientation of 
the probes once they have reacted at the desired site. Even in ideal cases, a heterogeneous 
distribution of labeled products is usually obtained.7 Thus, there is a pressing need for alternative 
methods for site-specific protein labeling.8 The site-specific incorporation of unnatural amino 
acids into proteins is one obvious method to achieve this. Not so obvious was the development of 
selection methods that allowed for novel tRNA and tRNA synthetases to be harnessed for 
recognizing and inserting unnatural amino acids with unique reactivity within a protein during 
translation.9 To date, dozens of unnatural amino acids have been successfully incorporated into 
proteins expressed in mammalian, yeast and bacterial systems (Figure 4.2). As shown in Figure 
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4.2, these unnatural amino acids have a variety of chemical properties that are not present in the 
20 naturally occurring amino acids. 
Single-molecule FRET experiments require labeling molecules with at least two 
fluorophores and monitoring the fluorescence intensity changes over time. When determining 
intraprotein folding and subunit conformational changes, it is of interest to label two or more 
sites specifically so that FRET distance measurements can be readily converted into meaningful 
mechanistic information. Examples include the observation of L1 stalk movement10 and 
ratcheting11 within single ribosomes and protein complex formation within lipid bilayers.12 These 
studies are not widely applicable, as they require mutagenesis to remove unwanted cysteines that 
may be essential in other systems. 
 The Rep DNA helicase is an Srs2 yeast-protein homologue involved in DNA replication 
initiation in E. coli.13 Helicase activity and translocation is believed to involve swiveling of the 
2B domain, as demonstrated by single-molecule studies with dual-labeled Rep monomers.7,14,15 
The Rep protein was engineered to have only one or two cysteines at specific locations, but 
labeling with Cy3 and Cy5 maleimide still led to four distinct products (Figure 4.3). The purpose 
of this study was to incorporate a ketone functional group into a Rep helicase molecule that 
contains a single cysteine. Thus, Cy3-hydrazide and Cy5-maleimide could be targeted to the 
ketone and cysteine, respectively, in a one-labeling reaction. Progress towards this goal is 
presented in this chapter. 
 
4.2   Results and Discussion 
4.2.1   Inefficient incorporation of a Ketone-Containing Amino Acid  
Schultz and coworkers reported17 that 1 mM p-acetyl-L-phenylalanine (keto-aa) was 
sufficient for modified protein expression. In our experiments, a minimum of 5 mM amino acid 
was required for noticeable expression and 10 mM gave better results (Figure 4.5). The pET 
vector in BL21 cells led to greater overexpression than those obtained with the pBAD vector in 
Top10 cells. Silanization of the bacterial growth flasks is one possibility for reducing the amino 
acid concentration required for expression, but the low keto-aa incorporation efficiency in our 
study remains unclear. Two grams of keto-aa provided about 400 µL of 8 µM  keto-modified 
Rep from a 1 L culture. The activity of the enzyme was measured using an unwinding assay (see 
materials and methods) that demonstrated a very active keto-Rep helicase compared with a 
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control Rep batch without a keto group (Figure 4.6). It must be noted that the control Rep was 
stored in at -20°C for 3 years, although was still found suitable for single-molecule experiments. 
These results indicate that keto-Rep was sufficiently functional for single-molecule analysis and 
the protein was subjected to labeling with a hydrazide-functionalized dye. 
 
4.2.2   Inefficient Labeling with a Hydrazide-Functionalized Dye  
While bound to the Ni-NTA resin during purification, keto-Rep was incubated with Cy3-
hydrazide as an initial labeling test (Figure 4.7). Absorbance measurements indicate only ~10% 
labeling efficiency (Figure 4.8, top). Single-molecule measurements with wide-field TIRF 
microscopy are capable of imaging hundreds of molecules at a time, so this efficiency was 
deemed sufficient for single-molecule trials (see below). The next labeling attempt was 
performed with both Cy3 hydrazide and Cy5 maleimide (Rep contained a single cysteine in 
addition to the keto group) after Rep was eluted from the Ni-NTA resin.  Additional changes in 
reaction conditions included higher temperature (30°C) and sodium cyanoborohydride 
(NaCNBH3) that can reduce the hydrazone formed by hydrazide and ketone to a stable secondary 
amine (Figure 4.7). Under these conditions, the labeling efficiency with the Cy3 hydrazide 
increased to almost 50% (Figure 4.8, bottom) and the labeling efficiency with the Cy5 maleimide 
was much higher (84%).  
 
4.2.3   A potential assay for protein degradation and incomplete translation.  
Dual labeling was designed so that Cy3 was placed near the N-terminus and Cy5 near the 
C-terminus. In figure 4.9, we see ketone-modified and unmodified Rep after mixture with Cy3 
hydrazide and Cy5 maleimide (unmodified Rep contains a cysteine). Although there is much less 
ketone-modified Rep as shown with coomassie staining, Cy3 and Cy5 emission is brighter in the 
ketone lane. The comparison is not entirely valid, as the control Rep (right lane in each image) 
was very old and oxidized serines, threonines and cysteines can cross react with hydrazides.18 
The interesting result is that Cy5 emission displays multiple bands. If N-terminal degradation 
occurs downstream of the Cy3 dye, the Cy3 band would disappear while the Cy5 band would 
display multiple bands, as a considerable portion of the protein would still contain a Cy5 label 
because the His-tag is located at the C-terminus of Rep. This specific dual labeling scheme might 
prove sensitive in protein-degradation foot printing assays where small amounts of protein are 
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available. Indeed, this degradation was not observed with coomassie staining or with a single dye 
at one terminus. 
 
4.2.4   Single Molecule Translocation Assays  
A DNA oligo containing a poly-T(40) sequence was tethered to a neutravidin-coated 
quartz slide through annealing to a short oligo with one end attached to Cy5 and the other to 
biotin. The keto-Rep protein labeled with Cy3 hydrazide was added free in solution and 
fluorescence intensities were collected upon Rep interacting with surface-tethered DNA using a 
CCD camera and converted to FRET values (Figure 4.10). Repetitive looping of Rep-bound 
DNA has been demonstrated as a unique example of ATP-dependent translocation,14 although 
other superfamily 1 helicases were subsequently shown to possess similar repetitive shuttling 
behavior.19 
 
4.2.5   Summary  
The promise of unnatural amino acid incorporation offers many possibilities for probing 
endogenous protein structure and function, as well as providing novel characteristics to proteins. 
It has been demonstrated that Rep helicase remains functional after incorporation of a p-acetyl-
L-phenylalanine and labeling is fairly specific for this ketone modified Rep mutant. However, 
there is still much to be done in terms of efficiency of incorporation.  
 
4.3   Materials and Methods 
 The unnatural amino acid p-acetyl-L-phenylalanine was purchased from RSP Amino 
Acids LLC. The plasmid pmAcPheRS (pM), which encodes the mutant tRNA/tRNA synthetase, 
was a generous gift from Professor Peter G. Schultz. 
 
4.3.1   Mutagenesis and Expression of Rep with a Ketone Functional Group  
The general expression method was adapted from the original aceto-phenylalanine paper 
by Schultz and coworkers (Figure 4.4).16 A single-cysteine mutant Rep gene was first inserted 
into a pBAD vector for PCR site-directed mutagenesis. The forward primer (the reverse primer is 
the reverse complement) for changing an alanine (GCG) to a TAG amber stop codon was 
ATCAAACGCGAGTATTAGGCGCTTGGGATGAA. PCR was performed using a 
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QuikChange Site-Directed Mutagenesis Kit (Agilient). In Terrific Broth (Invitrogen), both pM 
and pBAD plasmids were coexpressed in TOP10 cells upon induction with arabinose under the 
antibiotic markers chloramphenicol and ampicillin, respectively. Due to poor expression levels 
of mutant Rep, the gene was cut from the pBAD plasmid and ligated into a pET vector for 
expression in BL21 cells, and expression was induced with IPTG (Figure 4.5). See the figure 
caption for more details.  
 
4.3.2   Protein Purification  
The His-tagged Rep protein was purified from BL21 cells by affinity chromatography 
using Ni-NTA agarose (Qiagen). After 4 hours of incubating cells in 1 L broth post induction, 
cells were spun down for 15 minutes at 10,000 x g before resuspension and lysis by sonication in 
10 mL 50 mM Tris (pH 8), 100 mM NaCl, 5 mM EDTA (buffer A) and protease inhibitor 
cocktail (Roche). After additional centrifugation, the supernatant was added to 1 mL Ni-NTA 
resin in a 15 mL centrifuge tube for spinning at 4°C for 3 hours. The mixture was spun at 1000 x 
g for several seconds and the supernatant was discarded. The Ni-NTA resin was rinsed several 
times by addition of buffer A and then centrifugation before addition of 3 mL buffer A plus 10 
mM imidazole.  
 
4.3.3   Protein Labeling 
Initial Rep labeling reactions took place while His-tagged Rep was bound to a Ni-NTA 
column (see above). After rinsing the resin several times with buffer A, 2 mL of 1x PBS buffer 
(pH 7) containing 1 mM Cy3 hydrazide was added to 1 mL of Rep-bound Ni-NTA resin, and the 
mixture was incubated for 5 hours incubation at 4 °C. The resin was rinsed several times with 
buffer A before elution of the Cy3-labeled protein with 10 mM imidazole in the same buffer. 
Further free dye removal and concentration of the sample was performed with Centricon 
concentrator tubes (100kD MWCO - Millipore). Due to poor labeling efficiency, Rep was also 
eluted from the resin prior to labeling. Additionally, dual labeling with Cy3 and Cy5 was 
attempted. Buffer was exchanged into 1x PBS (pH 6.2) with 8% glycerol using Centricon 
concentrator tubes. A ten-fold molar excess (over protein) of Cy5 maleimide and 20-fold molar 
excess of Cy3 hydrazide was added for incubation at 30°C.  After 8 hours, the reaction was 
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spiked with 15 mM NaCNBH3 was mixed and incubated for 1.5 hours at 4°C. Centricon spin 
columns were again employed for reaction clean-up before activity tests. 
 
4.3.4   Helicase Unwinding Assay 
Ketone-modified Rep (and control Rep with no ketone) was added to a 10 mM Tris (pH 
7.8) solution containing 1 mM ATP, 10 mM MgCl2, 100 mM NaOAc and 10 nM DNA duplex 
composed of the complementary sequences 5’-Cy3-TGG CGA CGG CAG CGA GGC and 5’-
GCC TCG CTG CCG TCG CCA-Cy5. Protein addition initiated unwinding as monitored with a 
Cary Fluorimeter monitoring Cy3 and Cy5 emission simultaneously.   
 
4.3.5   Single Molecule Assay  
Double-sided tape was used to adhere cover-slips to quartz slides for chamber preparation 
and neutravidin was incubated as described in previous chapters. The biotinylated DNA duplex 
5’-TGG CGA CGG CAG CGA GGC (T)40-3’ and 5’-Cy5-GCC TCG CTG CCG TCG CCA-
biotin-3’ was incubated at 50 pM for 5 min. 1 nM Rep with Cy3 attached was added to the 
chamber in the TROLOX imaging buffer containing 10 mM Tris (pH 8), 50 mM NaCl, 10 mM 
MgCl2 and 1 mM ATP along with 1% glucose and glucose oxidase/catalase. 
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4.4   Figures 
 
 
 
 
 
 
 
 
Figure 4.1   The 20 natural amino acids. All organisms utilize the 20 basic amino acid building 
blocks in constructing proteins. Derivatives used by cells including selenocysteine20, 
hydroxylysine21 and pyrrolysine22 are not shown 
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Figure 4.2   Unnatural amino acids incorporated into prokaryotic and mammalian systems by 
Schultz and coworkers as of 2006.23 Functional groups vary in character from having unique 
hydrophobicity to orthogonal chemical specificity and light reactivity. 
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Figure 4.3   The need for orthogonal functionality within proteins. There are several chemically 
reactive functional moieties within proteins including amines and carboxyl groups.  The 
introduction of a ketone carbonyl group (middle) allows a condensation reaction with hydrazides 
that are unreactive to conventional protein functional groups (top). Functionalizing two cysteines 
with two different reactants would result in four products (bottom left), whereas a single cysteine 
and a single ketone are orthogonally reactive. This allows for site-specific labeling using 
hydrazide and maleimide-functionalized fluorophores (bottom right).  
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Figure 4.4   Unnatural amino acid incorporation using the amber stop codon. Given its 
infrequency in the genome, the amber stop codon was used to incorporate acetyl phenylalanine 
site-specifically in Rep. The genes encoding the mutant tRNA and tRNA-aminoacyl synthetase 
were provided by Schultz.9 A plasmid containing the Rep sequence was modified to have the 
amber codon at the desired labeling site in the protein sequence. This plasmid was co-
transformed with the plasmid coding for the appropriate tRNA/tRNA synthetase. During cell 
growth, the unnatural amino acid was added to the media.  
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Figure 4.5   Before and after induction of Rep mutant expression in pBAD and pET vectors. 
Cells were grown until having an OD of 0.6, after which 0.2% arabinose (pBAD) or 0.5 mM 
IPTG (pET) was added for a 4 hour incubation before harvesting cells and protein purification. 
The amount of unnatural amino acid designated in the lanes was added with the inducing agent. 
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Figure 4.6   Bulk helicase activity assay for modified Rep protein. A DNA duplex place Cy3 and 
Cy5 in very close proximity so that Cy5 quenches Cy3 fluorescence but is not excited. Upon 
unwinding, Cy3 fluorescence increases proportionately to the number of duplexes unwound in 
solution. Ketone-modified Rep showed substantial unwinding activity compared to an 
unmodified Rep sample expressed previously. 
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Figure 4.7   Reaction scheme and analysis for ketone-hydrazide coupling. (top) The ketone 
carbonyl groups reacts with hydrazide to release water. Sodium borohydride was used to reduce 
the hydrazone to a more stable secondary amine linkage. (bottom) After on-resin labeling, Rep 
was eluted and analyzed with PAGE and coomassie staining and in a fluorescence imager. Cy3 
emission colocalizes with the protein bands, although free dye can be seen with the migration 
band at the bottom. 
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Figure 4.8   Efficiency of labeling on-resin (single dye) versus free in solution (dual labeling). 
Labeling Rep while bound to Ni-NTA resin results in only 10% efficiency in coupling Rep with 
intact dye (top). Eluting Rep first allowed for efficient dual-labeling with Cy3 hydrazide (47%) 
and Cy5 maleimide (84% - bottom). 
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Figure 4.9   Dual labeling reveals multiple C-terminal rep fragments. (left) Coomassie stain of 
control Rep, ketone Rep and control Rep plus dyes. Note that there is a far greater amount of 
control rep in right lane. (middle) Cy3 imaging shows dye attachment is greater with ketone Rep. 
(right) Cy5 emission shows multiple bands in ketone Rep lane. See text for further discussion. 
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Figure 4.10: Single-molecule assay with Cy3 labeled Rep. (top) Scheme for surface-tethering of 
Cy5-DNA duplex. Cy3-Rep is added free in solution and signal is recorded when it binds to 
DNA. (bottom) Repetitive dynamics are observed with Cy3 Rep in ~ 5-10% of traces. This is 
likely due to low labeling efficiency. Top cartoon was modified from [14]. 
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Chapter 5 
Multi-Vector Fluorescence Analysis of the xpt Guanine 
Riboswitch Aptamer Domain and the Conformational Role 
of Guanine 
 
 
5.1   Introduction 
The ability of many bacterial mRNAs to self-regulate their own transcription is exemplified 
by the guanine-binding riboswitch of the xpt-pbuX operon in Bacillus subtilis.1 As with all 
known bacterial riboswitches,2-4 the guanine riboswitch aptamer domain is located in the 5’-
untranslated region (5’-UTR) of the regulated mRNA. Binding of the metabolite guanine by the 
aptamer domain promotes formation of a terminator stem in the downstream expression platform 
domain, leading to transcriptional attenuation.1,5 Upon binding of their cognate ligands, other 
riboswitches may either repress translation or upregulate gene expression;2 upregulation of either 
transcription1,6 or translation7 is observed for adenine riboswitches. Structural rearrangement of a 
riboswitch expression platform is presumably caused by ligand-induced conformational changes 
in the aptamer domain, although in nearly all cases the detailed mechanism of this signal 
transduction remains too be elucidated.8 
Purine riboswitches are each composed of a three-way junction formed by three RNA helices 
designated P1, P2, and P3 (paired regions 1, 2, and 3; Figure 5.1).9 Helices P2 and P3 are capped 
with loops L2 and L3, respectively. The remaining helix, P1, includes both the 5’- and 3’-ends of 
the aptamer domain and is directly connected to the downstream expression platform. The 
nonconserved P2 and P3 helices interact through L2–L3 base-pairing, while the conserved P1 is 
crucial for regulating the riboswitch on/off state. Analyses of the secondary and tertiary 
structures of purine aptamer domains have revealed several distinct RNA-ligand interactions that 
are correlated with riboswitch activity. The connecting elements that join the P1, P2, and P3 
helices create a solvent-inaccessible active site within the folded riboswitch. X-ray crystal 
structures of the guanine-responsive aptamer domain in complex with guanine or its analogue 
hypoxanthine reveal that base-stacking and base-triple interactions stabilize both the ligand-
binding pocket and the P1 helix, while residues from each connecting element form hydrogen 
bonds with the ligand.10,11 The Watson-Crick face of the guanine is base-paired with a specific 
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cytosine of the riboswitch. The adenine riboswitches have essentially the same structure except 
that the riboswitch cytosine is replaced with a uracil; this base-pairing contact is the sole 
determinant of purine specificity.11-15 Extensive mutagenesis efforts as well as the X-ray crystal 
structures have identified the key RNA nucleotides involved in purine binding.16 Mutational 
analysis of the guanine riboswitch demonstrated that the L2–L3 interaction is required for the 
binding of lower-affinity ligands such as hypoxanthine.10 However, recognition by the purine 
aptamer domain of a higher-affinity analogue such as 2,6-diaminopurine can occur (albeit with 
decreased affinity) even when L2–L3 interactions are weakened or removed entirely.17,18  
In some but not all cases, purine riboswitch activity is controlled by the kinetics of 
transcription and ligand association rather than thermodynamic binding affinity,7,17,19 as was also 
suggested for an FMN riboswitch.20 An optical tweezers-based single-molecule study of an in 
situ transcribed adenine riboswitch demonstrated that the aptamer domain folds at a rate 
comparable to the standard RNA synthesis rate.21,22 Collectively, these studies support the 
suggestion that ligand-induced tertiary interactions within the aptamer domain are sufficiently 
rapid to control mRNA transcription on a biologically relevant time scale. Understanding 
conformational dynamics of the riboswitch aptamer domain will therefore provide insight into 
the biological functioning of the riboswitch. 
Fluorescence resonance energy transfer (FRET) spectroscopy is commonly used to 
investigate biomolecular folding events, including conformational changes of riboswitches and 
other RNA molecules at the ensemble23-25 and single-molecule levels.17,26-34 A single-molecule 
FRET investigation suggested that the folding of the pbuE adenine riboswitch aptamer domain 
involves an intermediate state, which was attributed to stacking of the P1 and P3 helices before 
P2 could fully interact with P3.17 Interaction between P2 and P3 was observed without adenine, 
suggesting that a purine riboswitch aptamer domain may fluctuate from a relatively low-affinity 
conformation to a structure that is competent for purine binding even in the absence of the purine 
ligand itself. Additionally, an ensemble time-resolved fluorescence study observed multiple 
distinct adenine-bound aptamer domain conformations.35 
In this study, we comprehensively investigated the structure and dynamics of the xpt guanine 
riboswitch aptamer domain using both ensemble and single-molecule FRET spectroscopy. Our 
efforts significantly extend the previous single-molecule FRET study of the adenine riboswitch 
aptamer domain, which was performed on only one construct that probed the L2–L3 interaction 
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between the dye-labeled P2 and P3 helices.17 In the present work, we synthesized three G 
riboswitch aptamer domain variants that have orthogonal combinations of dye positions to 
investigate the structure and dynamics of each of the three helices P1, P2, and P3 relative to one 
another. Our findings support a multi-step folding model for the xpt G riboswitch aptamer 
domain. Our findings also provide a simple explanation for the role of guanine in modulating the 
riboswitch aptamer domain structure at physiologically relevant Mg2+ concentrations. 
 
5.2   Results and Discussion 
Three orthogonally labeled xpt guanine riboswitch aptamer domain variants were synthesized 
for ensemble and single-molecule FRET analyses at different Mg2+ and guanine concentrations. 
Shown in Figures 5.2, 5.3, and 5.4, respectively, are results for the P1-P2, P1-P3, and P2-P3 
variants, each of which is named according to the two helices that were labeled with a suitable 
combination of the FRET dyes Cy3 (donor) and Cy5 (acceptor). In all cases, the P1 helix was 
extended by an 18 nt segment of single-stranded DNA to allow surface immobilization via a 
biotinylated complementary DNA strand. Each aptamer variant remained free in solution for the 
ensemble FRET measurements, whereas the RNA was bound to a neutravidin-coated glass cover 
slip for the single-molecule FRET measurements. Choices of dye labeling sites were guided by 
the xpt G riboswitch X-ray crystal structure.10,11 The P1 helix was labeled with Cy5 away from 
the guanine binding site by attaching the dye to the biotinylated DNA strand. Nucleotides U30 
and U67 within P2 and P3, respectively, were chosen for dye labeling on the basis of the large 
distance change anticipated upon forming and breaking the L2–L3 loop-loop interaction, while 
minimizing potential interference with ligand binding and loop-loop interactions. In-line 
probing37 of each aptamer variant with and without the dyes confirmed that all three modified 
aptamers are capable of binding guanine and that each aptamer structure is minimally perturbed 
by the modifications (Figure 5.5). 
Conformational changes of the aptamer domain variants were monitored via both ensemble 
and single-molecule FRET. Ensemble FRET data were acquired at 25°C. Single-molecule FRET 
data were obtained at room temperature using a total internal reflection fluorescence 
microscope.40 The effects of Mg2+ and guanine concentrations were examined for each of the 
three G riboswitch aptamer domain variants. The results enabled construction of a global model 
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of the relative orientations and dynamics of the P1, P2, and P3 helices and allowed assessment of 
the conformational role of guanine under physiologically relevant conditions. 
 
5.2.1   Ensemble FRET Measurements  
Ensemble FRET measurements were obtained for all three aptamer domain variants. These 
experiments were performed in 10 mM HEPES, pH 7.5, and 50 mM NaCl at 25 °C by titrating 
Mg2+ from 0.1 µM to 100 mM in the presence of either 0 or 500 nM guanine, where the binding 
constant for guanine is 5 nM.1 FRET efficiency (E) values were determined by the (ratio)A 
method.38 For the P1-P2 variant, E was nearly unchanged up to 5 mM Mg2+ and was 
approximately independent of the guanine concentration (0 or 500 nM; Figure 5.2B), indicating 
no overall distance change between the P1 and P2 helices upon tertiary folding of the riboswitch. 
A slight increase in E was observed at the highest tested Mg2+ concentrations (5–100 mM), 
which are considered nonphysiological. For the P1-P3 variant, E initially decreased as the Mg2+ 
concentration was increased to 1 mM, then increased as the Mg2+ concentration was raised even 
higher, indicating that P1 and P3 move further apart and then closer as Mg2+ is added (Figure 
5.3B). These changes in E depended on the guanine concentration. In the absence of guanine, the 
Mg2+ midpoint for the decrease in E was ~0.4 mM, whereas at a saturating guanine concentration 
of 500 nM, the Mg2+ midpoint was ~50 µM. Finally, for the P2-P3 variant, E increased 
substantially as the Mg2+ concentration was raised through the entire tested range, with a slightly 
lower Mg2+ midpoint at 500 nM guanine relative to 0 nM guanine (Figure 5.4B). Therefore, P2 
and P3 move closer together at higher Mg2+ concentrations, as expected upon stable formation of 
the L2–L3 loop-loop interaction. 
 
5.2.2   Single Molecule FRET Measurements  
     The single-molecule FRET (smFRET) measurements were performed in 10 mM HEPES, pH 
7.5, and 50 mM NaCl at room temperature in the presence of either 0 or 500 nM guanine to 
obtain more detailed information on the conformations and dynamics within the G riboswitch 
aptamer domain. For each dual-labeled aptamer variant, at least 104 molecules in each incubation 
condition were monitored for up to 1 min to enable construction of FRET (E) histograms, and an 
appropriate subset of these molecules was chosen for more detailed dwell time determinations. 
The smFRET results for each of the three variants are presented below. 
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5.2.3   P1-P2 Variant  
     smFRET efficiency histograms were constructed for P1-P2 at various Mg2+ concentrations at 
either 0 or 500 nM guanine (Figure 5.2C). At 0 nM guanine and 0 mM Mg2+, two FRET states 
were evident with E ~0.3 and 0.65, in addition to a population with E <0.1 that likely represents 
molecules without a functional Cy5 acceptor; i.e., Cy3 donor-only molecules. As the Mg2+ 
concentration was increased, the histogram collapsed to a single FRET state with E ~0.4; this 
collapse occurred rather sharply between 100 µM and 1 mM Mg2+. With further increases in 
Mg2+ concentration, E increased slightly to ~0.5. 
Data were also obtained for P1-P2 in the presence of a saturating concentration of guanine. 
At 500 nM guanine and 0 mM Mg2+, in addition to the two FRET states with E ~0.3 and 0.65, a 
third state with E ~0.45 was clearly evident (Figure 5.2C). As observed in the absence of 
guanine, increasing the Mg2+ concentration led solely to the third FRET state, for which the E of 
~0.45 increased to ~0.55 at very high Mg2+ concentrations. These values are slightly yet 
reproducibly higher than the E of ~0.4 to 0.5 observed at similar Mg2+ concentrations in the 
absence of guanine, suggesting subtle guanine-dependent structural differences such as increased 
compaction of the aptamer. Including up to 50 µM adenine instead of guanine did not produce 
the third FRET state (Figure 5.6). 
The single-molecule time traces for the P1-P2 variant were examined individually (Figure 
5.2D). In the absence of guanine, at 0 mM Mg2+ individual molecules toggled back and forth on 
the subseconds to seconds timescale between the two nonzero-E states. A substantial fraction 
(~40%) of the traces revealed >1 s–1 transitions (Figure 5.7). In contrast, at 1 mM Mg2+ 
homogeneous behavior was observed. Importantly, when 500 nM guanine was included, the 
single-molecule time traces showed that all three FRET states can be visited by a single 
molecule, even at 0 mM Mg2+. Again, homogeneous behavior was seen at higher Mg2+ 
concentration.  
 
5.2.4   P1-P3 Variant  
     In contrast to the relatively complex behavior observed for P1-P2, for P1-P3 the single-
molecule FRET behavior was simple: a single FRET peak was observed (Figure 5.3C). This 
peak shifted its position in a manner consistent with the ensemble FRET data, in that the E value 
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decreased and then increased as the Mg2+ concentration was increased. Single-molecule time 
traces showed homogeneous FRET values, with little dynamics under all tested conditions 
(Figure 5.3D). 
 
5.2.5   P2-P3 Variant 
     At either 0 or 500 nM guanine and 0 mM Mg2+, two distinct populations of P2-P3 with E ~0.4 
and 0.9 were observed in the single-molecule histograms (Figure 5.4C). As the Mg2+ 
concentration was increased above 1 mM, these two FRET peaks coalesced to a single 
population with E ~0.8 (which is slightly lower than the high-E value of 0.9 observed at lower 
Mg2+ concentrations). These findings are similar  to observations for the adenine riboswitch 
aptamer domain, for which a high-FRET P2-P3 state predominated above 2 mM Mg2+.17 The 
inclusion of 500 nM guanine had a small but reproducible effect on the P2-P3 variant. In the 
ensemble FRET measurements, 500 nM guanine shifted the Mg2+ titration curve to lower 
concentrations by a factor of ~3 (Figure 5.4B). The single-molecule data (Figure 5.4C) showed a 
similarly modest effect. At 100 µM Mg2+, the two FRET states with E ~0.4 and 0.9 were 
observed regardless of the presence of guanine, although including 500 nM guanine favored the 
high-FRET state with E ~0.8. The ratio of high (0.9 or 0.8) to low (0.4) E populations was ~0.5 
with 0 nM guanine and ~0.8 with 500 nM guanine, as determined by integrating the number of 
molecules in each FRET peak. 
Single-molecule time traces for P2-P3 were examined in more detail. These traces revealed 
rapid switching (with average frequency of ~1 s–1) between the low-E and high-E states (Figure 
5.4D). Despite modest differences in dynamic behavior between P1-P2 and P2-P3 (compare 
Figure 5.2D and Figure 5.4D), the average dwell times for the high-E and low-E states of both 
P1-P2 and P2-P3 were comparable, as were the variations in the average high-E and low-E dwell 
times of many individual molecules (Figures 5.7, 5.9A, and 5.9B). 
The dwell times in the high-E and low-E states of P2-P3 were determined at Mg2+ 
concentrations from 1 µM to 1 mM (Figure 5.4E); at higher Mg2+ concentrations, only the high-
E state was observed. The kfold for transition from the low-E to the high-E state was calculated as 
the reciprocal of the average low-E dwell time. Similarly, kunfold for transition from high E to low 
E was determined as the reciprocal of the average high-E dwell time. The time required for the 
actual transition between the states was shorter than the experimental time resolution (30 ms), 
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consistent with a riboswitch known to operate at the transcriptional level.1,5,10 In the absence of 
guanine, both kfold and kunfold increased with Mg2+ concentration up to 100 µM, with kunfold 
slightly higher than kfold. The addition of 500 nM guanine had little effect at very low Mg2+ 
concentrations, but guanine stabilized the high-E state slightly at 100 µM Mg2+. The high-E state 
was considerably stabilized at 1 mM Mg2+ independent of the presence of guanine, with kfold and 
kunfold significantly increasing and decreasing, respectively, relative to their values at lower Mg2+ 
concentrations. At 100 µM Mg2+, guanine stabilized the P2-P3 folded high-E state over the 
unfolded low-E state by DDG° » 0.5 kcal/mol, as calculated from the equilibrium constants 
kfold/kunfold (Figure 5.8). Under all conditions, ~100-fold variations in high-E and low-E dwell 
times revealed heterogeneity similar to that observed for the P2-P3 folding dynamics of the 
adenine riboswitch (Figure 5.9A).17 Scatter plots of the average high-FRET and low-FRET dwell 
times for 154 molecules in 100 µM Mg2+ demonstrated that introduction of guanine barely 
affects the distribution of dwell times (Figure 5.4F). There is a modest increase in the fraction of 
molecules that have long dwell times in the folded state (2 out of 154 molecules with dwell times 
above 10 s without guanine; 15 out of 154 molecules above 10 s with guanine). In sharp contrast, 
in the adenine riboswitch the effects of adenine concentration on heterogeneity were pronounced, 
with a higher adenine concentration markedly decreasing the heterogeneity.17 
5.3   Conclusions 
5.3.1   A Model for Conformational Changes of the xpt G Riboswitch Aptamer Domain  
     RNA conformational changes induced by ligand binding to riboswitches have biologically 
important consequences.2-4 In this study, we have comprehensively examined how Mg2+ and 
guanine influence the relative orientations and dynamics of the three RNA helices that compose 
the xpt guanine riboswitch aptamer domain. On the basis of our combined ensemble and single-
molecule FRET data, we have constructed a model of the Mg2+- and guanine-dependent 
conformational changes that are experienced by the G riboswitch aptamer domain (Figure 5.10). 
 
5.3.2   Effect of Mg2+ on the Aptamer Domain Structure and Dynamics  
     The ensemble data (Figures 2B, 3B, and 4B) require that at least two different conformations 
are sequentially induced as the Mg2+ concentration is increased. The constant E value for the 
P1-P2 variant at lower Mg2+ concentrations (Figure 5.2B) suggests a model in which there is 
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little relative change in the equilibrium relationship of P1 and P2 as the Mg2+ concentration is 
varied; only at very high and nonphysiological Mg2+ concentrations (>5 mM) do P1 and P2 
begin to move closer together. In contrast, the biphasic nature of the changes in E for the P1-P3 
variant (Figure 5.3B) suggests that P1 and P3 initially move apart and then move closer together 
as the Mg2+ concentration is increased. Finally, the substantial increase in E for the P2-P3 variant 
(Figure 5.4B) is consistent with formation of L2–L3 loop-loop interactions at higher Mg2+, as 
expected from many studies on purine riboswitches.2,3,9 The overall model in Figure 5.10 is 
consistent with all of these ensemble FRET data, both in the absence and presence of guanine. 
The single-molecule FRET data reveal an underlying dynamic complexity that is not 
apparent solely from the ensemble measurements, which provide only an averaged description of 
the RNA structure. The smFRET data for the P1-P3 variant (Figure 5.3C and 4.3D) indicate that 
P1 and P3 form a nondynamic platform, upon which P2 changes its orientation. The smFRET 
data for the P1-P2 variant (Figure 5.2C and 2D) show that two conformations with different 
relationships between P1 and P2 contribute to the constant ensemble E at lower Mg2+ 
concentrations. As the Mg2+ concentration is increased, a single state with intermediate E is 
populated, indicating the formation of a structure in which P1 and P2 no longer dynamically 
change their relative orientation. Similarly, the smFRET data for the P2-P3 variant (Figure 5.4C 
and 4D) reveal two contributing conformations that have different orientations between P2 and 
P3 at lower Mg2+ concentrations, and a single population with high E at higher Mg2+ 
concentration. 
As shown in Figure 5.10, the simplest model consistent with all of these data depicts the P2 
helix as switching dynamically between two conformations, for which the distance between P2 
and P1 as well as the distance between P2 and P3 both change. The data indicate that P2 
switches between two specific favored orientations, rather than uniformly exploring all potential 
orientations; the structural details of these two favored orientations are not defined by our data. 
As the Mg2+ concentration is increased, in addition to establishment of L2–L3 loop-loop 
interactions that hold together P2 and P3, the P1 and P3 helices also change their relative 
positions, presumably adopting the coaxially stacked orientation observed in the X-ray crystal 
structure.10,11 The further compaction observed at high (>5 mM) Mg2+ concentrations is likely 
not biologically relevant. 
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The high-E FRET value for the P2-P3 variant at low Mg2+ concentration (<100 µM) is ~0.9, 
whereas the single E value for P2-P3 at high Mg2+ (³1 mM) is ~0.8 (Figure 5.4C). This slight but 
clear decrease in E indicates that binding of Mg2+ causes a structural adjustment to the aptamer 
domain, resulting in a small relative movement of P2 and P3. This movement could be caused by 
motion of either P2 or P3 (or both), although the precise origin of the small change in E at high 
Mg2+ cannot be determined from these data. 
 
 
5.3.3   Effect of Guanine on the Aptamer Domain Structure and Dynamics  
     The absence or presence of guanine influences both the structure and dynamics of the G 
riboswitch aptamer domain. This influence is manifested in several ways in both the ensemble 
and smFRET data. As revealed by the smFRET data for the P1-P2 variant (Figure 5.2C), 
inclusion of 500 nM guanine leads to appearance of the intermediate-E population even in the 
absence of Mg2+. Therefore, guanine induces a particular conformation of the P2 helix relative to 
the P1/P3 helical scaffold, and this conformation predominates in the folded aptamer domain. At 
Mg2+ concentrations ≥1 mM, guanine causes a slight increase in E of the stable folded state 
(Figure 5.2C, vertical red lines), indicating the possibility of a more compact folded aptamer in 
the presence of ligand.21 Similarly, for the P1-P3 variant, the ensemble FRET data (Figure 3B) 
show a decrease in the Mg2+ requirement for the observed structural change. For the P2-P3 
variant, the ensemble FRET data (Figure 5.4B) indicate a threefold decrease in Mg2+ requirement 
for folding at 500 nM guanine. The P2-P3 smFRET data (Figure 5.4C) show a shift to the high-E 
population with guanine, and from kfold and kunfold values the higher-E state is stabilized by ~0.5 
kcal/mol in the presence of guanine at 100 µM Mg2+. These observations all support the model in 
Figure 5.10. Either Mg2+ or guanine can stabilize the folded riboswitch structure, and the P2 
helix dynamics are suppressed in the folded conformation. 
 
5.3.4   Conformational Role of Guanine in Folding of the G Riboswitch Aptamer Domain  
     In vivo, the free intracellular Mg2+ concentration is generally millimolar or lower.43 The 
P1-P2 smFRET data (Figure 5.2C) at 100 µM Mg2+ provide clear evidence for the 
physiologically relevant role of guanine in G riboswitch aptamer domain folding. Although 
higher Mg2+ concentrations alone (i.e., without guanine) are capable of inducing folding as 
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reflected in the population of the intermediate-E state, at 100 µM Mg2+ this state is substantially 
populated only when guanine is present. Therefore, the presence of guanine allows adoption of 
the folded aptamer domain conformation at physiologically relevant Mg2+ concentrations. 
 
5.3.5  Relationship of the New Findings to Previous Work on Purine Riboswitch Aptamer 
Domain Folding  
 
     Previous work has revealed much about the conformations of purine riboswitches in addition 
to their static X-ray crystal structures.10,11 A careful kinetic study of the G riboswitch aptamer 
domain led Gilbert et al. to propose a conformationally dynamic unliganded state that is 
stabilized by initial Watson-Crick interactions between the aptamer and the guanine ligand, 
followed by formation of the three-helix junction that defines the overall architecture of the 
ligand-bound riboswitch.12 Other biochemical1,18 and NMR spectroscopic13 studies agree that the 
ligand binding pocket becomes organized only after ligand binding. Nevertheless, the aptamer 
domain has global organization even in the absence of guanine,12,13 and the guanine ligand can 
bind in the absence of Mg2+.44 Similarly for the adenine riboswitch, the loop-loop interactions 
that globally organize the structure can form in the absence of adenine, although the ligand is 
required to complete the overall folding process.17,21,22 
Our data provide a new perspective on these previous findings. By monitoring all three 
distance relationships P1-P2, P1-P3, and P2-P3 via both ensemble and single-molecule FRET, 
we have developed the comprehensive model in Figure 5.10 for the overall Mg2+- and guanine-
dependent conformational changes of the G riboswitch. Our results are fully consistent with all 
previous work, while showing that the dynamics of the unfolded aptamer domain primarily 
involve P2 helix motion around the relatively static platform formed by the P1 and P3 helices. In 
the adenine riboswitch aptamer domain, P2 is the first cotranscriptionally formed helix and the 
most stable of the aptamer’s structural elements.21,22 We also quantitatively established the Mg2+ 
and guanine concentrations that are together needed to coalesce multiple interconverting 
conformational states into a single folded structure. Importantly, our model provides a 
straightforward explanation for the role of the guanine ligand in modulating the G riboswitch 
structure under physiologically relevant conditions. 
Because the guanine and adenine riboswitches share considerable sequence and structural 
homology, observations on purine riboswitches are readily compared. The previous study by 
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Lemay et al. provided significant information on the pbuE adenine riboswitch.17 Our folding 
model in Figure 5.10, devised on the basis of measuring all three FRET vectors among the P1, 
P2, and P3 helices, is more comprehensive than allowed by their analysis of only the P2-P3 
vector. Our other observations are consistent with most but not all of their findings. Their finding 
of an intermediate folding state is expanded in our model to include explicit identification of a 
new P2 conformational state (aligned in a particular way relative to the P1/P3 scaffold) as well as 
compaction at high Mg2+ concentrations. While they observed a fairly substantial decrease in 
heterogeneity in unfolded and folded dwell times upon inclusion of adenine (their Figure 5E), we 
found at most a slight guanine-dependent change in heterogeneity (Figure 5.4F). This difference 
may relate to examining adenine versus guanine riboswitches, although ultimately more data is 
needed to be sure. 
5.3.6   Summary 
By the combined application of ensemble and single-molecule FRET to three orthogonally 
labeled variants of the xpt G riboswitch aptamer domain, we have developed an overall folding 
model for this biological RNA that regulates gene expression. In the unfolded state, the model 
depicts the P1 and P3 helices as a nondynamic platform upon which the P2 helix dynamically 
switches between two orientations. Upon increasing either the Mg2+ or guanine concentration, 
the folded state is formed. In this folded state, L2–L3 loop-loop interactions hold together P2 and 
P3, while P1 and P3 change relative orientations to adopt the coaxially stacked conformation that 
is observed in the X-ray crystal structure. These structural changes require rather high (>1 mM) 
Mg2+ in the absence of guanine, whereas a saturating guanine concentration enables adoption of 
the folded conformation when Mg2+ is ≤1 mM. Therefore, our findings provide a simple 
explanation for the role of guanine in G riboswitch aptamer domain structure at physiologically 
relevant Mg2+ concentrations. 
5.4.   Materials and Methods 
5.4.1   Synthesis of xpt G Riboswitch Aptamer Domain Variants  
     All RNA substrates containing 2’-amino modifications were synthesized at the Yale W. M. 
Keck Center (New Haven, CT) or the University of Illinois at Urbana-Champaign W. M. Keck 
Center. RNA substrates were deprotected according to the supplier’s protocol, desalted on 
Sephadex G-25 NAP columns (GE Healthcare), and purified by 20% denaturing PAGE. 
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Unmodified RNA substrates were transcribed from template DNA using T7 RNA polymerase 
and purified by 6–20% denaturing PAGE. The three G riboswitch aptamer domain variants 
(denoted P1-P2, P1-P3, and P2-P3 according to which two helices bear the FRET dye labels) 
were synthesized as described below. Additional details for aptamer domain synthesis are 
reported elsewhere.36 
 
5.4.1.1   P1-P2 Variant  
     The 5’-portion of the P1-P2 aptamer construct, with 25 nt sequence 
5′-GCACUCAUAUAAUCGCGUGGAUAUG-3′ (U30 in bold functionalized with 2’-amine), was 
conjugated with Cy3 NHS ester in sodium phosphate buffer, pH 8.0, with 0.4 mM EDTA and 
18% DMSO for 24 h at 4 °C. The 3’-portion of the P1-P2 aptamer construct, with 64 nt 
sequence5′-GCACGCAAGUUUCUACCGGGCACCGUAAAUGUCCGACUAUGGGUGAGCCUCGCUGCCG
UCGCCA-3′, was prepared by in vitro transcription using a PCR-generated DNA template and T7 
RNA polymerase. The underlined portion of the 64-mer is an 18 nt extension of the 3’-end for 
annealing to a biotinylated and Cy5-functionalized 18-mer DNA (5′-biotin-TGGCGACGGCAGC-
GAGGC-Cy5-3′), which was synthesized at Integrated DNA Technologies (Coralville, IA). The 
two RNA substrates were joined by incubation with a complementary DNA splint and T4 RNA 
ligase in 50 mM Tris, pH 7.5, 10 mM DTT, 10 mM MgCl2, and 1 mM ATP for 2 h at 37 °C. T4 
RNA ligase rather than T4 DNA ligase was found to be more effective for this particular ligation 
reaction. 
 
5.4.1.2  P1-P3 Variant  
     The 5’-portion of P1-P3, with 73 nt sequence 5’-GGAUGGCGACGGCAGCGAGGC-
GCACUCAUAUAAUCGCGUGGAUAUGGCACGCAAGUUUCUACCGGGCACCGUA-3′, was prepared by 
in vitro transcription using a PCR-generated DNA template and T7 RNA polymerase. The 
underlined portion represents the 18 nt extension described for P1-P2; the corresponding 18-mer 
DNA was derivatized with biotin at its 3’-end and Cy5 at its 5’-end. The 3’-portion of P1-P3, 
with 19 nt sequence 5′-AAUGUCCGACUAUGGGUGA-3′ (U67 in bold functionalized with 2’-
amine), was conjugated with Cy3 NHS ester as described for P1-P2. The two RNA substrates 
were joined by incubation with a DNA splint and T4 RNA ligase as described for P1-P2. 
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5.4.1.3   P2-P3 Variant  
     This riboswitch variant was assembled from three RNA fragments. The 5’-portion of P2-P3 
included the same 25 nt modified with Cy3 at U30 as described for P1-P2. This RNA was joined 
to the central portion of P2-P3 with 27 nt sequence 5′-GCACGCAAGUUUCUACCGGGCACCGUA-3′ 
using a complementary DNA template and T4 DNA ligase. The 3’-portion of P2-P3 was the 19 
nt sequence described for P1-P3, with Cy5 rather than Cy3 at U67. A 21 nt hybridization 
sequence, 5′-GGAUGGCGACGGCAGCGAGGC-3′, was prepared for attachment at the 5’-end of 
P2-P3; the corresponding 18-mer DNA was derivatized with biotin at its 3’-end and had no Cy5 
label.  The 3’-portion and hybridization sequence RNAs were simultaneously attached to the 
remainder of P2-P3 using two complementary DNA splints and T4 RNA ligase. 
 
5.4.2   In-Line Probing37 
     Each aptamer domain variant, as well as an unmodified RNA of the same sequence (without 
2’-amino group or dye labels), was 5’-32P-radiolabeled and incubated at 25 °C for 40 h in 50 mM 
Tris, pH 8.5, 20 mM MgCl2, and 100 mM KCl in the absence of ligand or with 1 µM guanine or 
adenine, the latter as a negative control. Samples (0.25 pmol) were then subjected to alkaline 
hydrolysis by incubation for 20 min at 90 °C in 50 mM sodium bicarbonate, pH 9.2 (at 25 °C), 
and 0.1 mM EDTA. In parallel, RNase T1 digestion of each sample was performed in 50 mM 
Tris, pH 7.5, and 1.0 mM EDTA with 1.25 U of RNase T1 (Ambion) for 2 min at 25 °C. 
Cleavage products were separated on 10% denaturing PAGE and analyzed using a 
PhosphorImager. 
 
5.4.3   Ensemble FRET Measurements  
     Ensemble FRET titrations were performed with a ThermoSpectronic AB2 fluorescence 
spectrometer. The excitation wavelength was 550 nm for Cy3 and 649 nm for Cy5. Constructs 
were first annealed to biotinylated DNA (included here to sequester the RNA extension used for 
surface immobilization in the single-molecule FRET experiments) by heating at 95 °C in 10 mM 
HEPES, pH 7.5, and 50 mM NaCl for 3 min followed by slow cooling to room temperature (>3 
h). When the Cy3 and Cy5 dyes were attached to different oligonucleotide strands, the respective 
strand concentrations were 14 nM and 7 nM. For titration experiments that included 500 nM 
guanine, the guanine was added after annealing and immediately prior to temperature 
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equilibration. Aliquots of 10 µM to 900 mM MgCl2 in the annealing buffer were mixed with the 
sample by manual pipetting; the sample was equilibrated at 25 °C in a recirculating water bath 
for 5 min before each measurement. Ensemble FRET efficiency (E) values were obtained 
through (ratio)A analysis38 and are the average from two experiments. The FRET data were fit 
with the two-component titration equation described previously.39 
 
5.4.4   Single Molecule FRET Measurements  
     Single-molecule FRET data were obtained using a wide-field prism-type total internal 
reflection microscope at room temperature.40 Sample chambers were prepared from quartz slides 
and glass cover slips and were incubated with 1 mg/mL BSA-biotin in 10 mM Tris, pH 8.0, and 
50 mM NaCl (T50 buffer) for 10 min before flow-through with T50 buffer and incubation with 
0.2 mg/mL neutravidin in T50 buffer. After rinsing the excess neutravidin from the chamber, 100 
pM of aptamer annealed to biotinylated DNA strand (as described for the ensemble 
measurements) in T50 buffer was flowed into the chamber and incubated for 5 min. Imaging 
buffer (10 mM HEPES, pH 7.5, and 50 mM NaCl) and an oxygen scavenging system were 
flowed through, removing non-surface-bound aptamers. The oxygen scavenging system included 
0.5% glucose, 165 U/mL glucose oxidase, 217 U/mL catalase and 1 mM Trolox to suppress Cy5 
blinking.41 Dye excitation was performed with a 532 nm laser (CrystaLaser). Fluorescence 
emission was collected with a water immersion objective (1.2 NA, 60x, Olympus) and imaged 
with a charge-coupled device (CCD) camera (iXon, Andor Technology) using 30 ms time 
integration. 
Analyses of single-molecule trajectories were performed using custom programs written in 
MATLAB.42 The FRET efficiency (E) values were determined as the acceptor intensity divided 
by the total donor and acceptor intensities after correction for leakage between donor and 
acceptor channels. For construction of each single-molecule FRET histogram, E values were 
averaged from the first 300 ms of each of >104 single-molecule time traces for each combination 
of aptamer variant and buffer conditions. For determination of each dwell time for the P2-P3 
variant, an average of ~140 molecules in each buffer condition were manually selected such that 
each molecule contained both donor and acceptor, as determined by observing photobleaching 
events. The average times spent in high-FRET and low-FRET states were determined for each 
molecule individually by recording and averaging dwell times above and below a FRET 
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threshold (E ~0.45 for P1-P2 and E ~0.6 for P2-P3), and scatter plots were made using these 
averages. For determination of average rate constants from high-FRET/low-FRET transitions, 
the averages of the log values for all high-FRET and low-FRET average dwell times represented 
in the scatter plots were taken, and the exponentials of these averages yielded the reported high-
FRET and low-FRET log-averaged rate constants, respectively. 
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5.5   Figures 
 
 
Figure 5.1   (A) Schematic of free xpt guanine riboswitch aptamer domain, left, and the guanine-
bound form. (B) X-ray crystal structure of the guanine-bound xpt guanine riboswitch aptamer 
domain,10 marked with dye positions for the variants used in this FRET study. The green (Cy3) 
and red (Cy5) spheres mark dye locations on the variant designed for probing dynamics between 
the P1 and P2 helices (P1-P2 variant). Similarly, yellow (Cy3) and pink (Cy5) spheres mark dye 
locations on the P1-P3 variant, and green (Cy3) and yellow (Cy5) spheres mark dye locations on 
the P2-P3 variant. Nucleotide color scheme (same as in ref. 10): J1/3 (joining region connecting 
P1 and P3), yellow; J2/3, green; J1/2, blue; L2 (loop capping P2), purple; L3, orange. 
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Figure 5.2   Ensemble and single-molecule FRET analyses of the P1-P2 aptamer domain variant. 
(A) Design of P1-P2 for smFRET analysis. For ensemble FRET, the neutravidin surface was 
omitted. (B) Ensemble FRET titration of P1-P2 with Mg2+ at 0 or 500 nM guanine. (C) smFRET 
histograms for P1-P2. The vertical guidelines are at E = 0.32 and 0.47. (D) Representative 
single-molecule smFRET time traces for P1-P2. 
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Figure 5.3   Ensemble and single-molecule FRET analyses of the P1-P3 aptamer domain variant. 
(A) Design of P1-P3 for smFRET analysis. For ensemble FRET, the neutravidin surface was 
omitted. (B) Ensemble FRET titration of P1-P3 with Mg2+ at 0 or 500 nM guanine. Each curve 
was fitted to a standard two-component titration curve with Hill coefficients of 2 and 1 for the 
low- and high-Mg2+ components, respectively.39 (C) smFRET histograms for P1-P3. The vertical 
guideline is at E = 0.4. (D) Representative single-molecule smFRET time traces for P1-P3. 
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Figure 5.4   Ensemble and single-molecule FRET analyses of the P2-P3 aptamer domain variant. 
(A) Design of P2-P3 for smFRET analysis. For ensemble FRET, the neutravidin surface was 
omitted. (B) Ensemble FRET titration of P1-P2 with Mg2+ at 0 or 500 nM guanine. Each curve 
was fitted to a standard two-component titration curve with Hill coefficient of 1 for each 
component (39). (C) smFRET histograms for P2-P3. (D) Representative single-molecule 
smFRET time traces for P2-P3. Time traces at other Mg2+ and guanine concentrations (up to 1 
mM Mg2+) were qualitatively similar, although the quantitative dwell time values varied slightly 
(see panel E). (E) Plots of rate constants kfold and kunfold as determined from the single-molecule 
dwell times. Error bars represent the standard error from averaging rates of all molecules at the 
indicated buffer condition. (F) Average duration of the high-FRET (folded) and low-FRET 
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(unfolded) dwell times of 154 P2-P3 molecules in 100 µM Mg2+ reveals broad heterogeneity. 
Inclusion of guanine did not considerably change the heterogeneity. Scatter plots at other Mg2+ 
concentrations are shown in Figure 5.9. 
 
Figure 5.5   In-line probing assays for the three aptamer domain variants. (A) P1-P2 variant. (B) 
P1-P3 variant. (C) P2-P3 variant. See Materials & Methods for experimental details (37). As 
expected, the four indicated single-stranded regions (numbered 1–4) show decreases in the extent 
of cleavage in the presence vs. absence of 1 µM guanine (gold vs. black quantitations to the right 
of each gel image), whereas 1 µM adenine has no effect. For (A), a control region marked “C” 
shows little dependence upon guanine, also as expected. Collectively, these data confirm that the 
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Cy3/Cy5 dye labeling of the variants does not significantly impact their ability to bind guanine. 
We cannot rule out modest changes in Kd for guanine due to the presence of the dyes; precise Kd 
values for the labeled variants were not determined. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6   Purine 
specificity for the conformational changes observed in the P1-P2 variant. Data are similar to the 
histograms of Figure 5.2C, except that 500 nM or 50 µM adenine was included as indicated (all 
in the absence of Mg2+).  
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Figure 5.7   Comparison of smFRET data for the P1-P2 and P2-P3 variants. (A) Rate 
comparison of P1-P2 and P2-P3 at 10 µM Mg2+. The high (E >0.5) and low (E <0.5) FRET dwell 
(A) 
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times for the P1-P2 variant were recorded without (left) and with (right) 500 nM guanine at 10 
µM Mg2+. The inverse dwell times for high and low FRET values (kunfold and kfold) were plotted 
for both P1-P2 and P2-P3. Without and with guanine, respectively, 171 and 101 P1-P2 variant 
molecules were analyzed to obtain kunfold and kfold. (B) Heterogeneity in dynamics of P1-P2 and 
P2-P3. The average transition rates shown in panel A indicate a contribution from fast (>1 s-1) 
FRET fluctuations for the P1-P2 variant. On the left are depicted representative traces in the 
absence of Mg2+ and guanine exhibiting fast dynamics for P1-P2 and both fast and slow (<1 s–1) 
dynamics for P2-P3. On the right, the distributions of fast, slow, and mixed dynamics are 
presented for P1-P2 and P2-P3 with different concentrations of Mg2+ and guanine. In all 
conditions analyzed, over 50% of P1-P2 traces exhibited only slow dynamics, while a majority 
of the traces for the P2-P3 variant displayed both fast and slow dynamics. Both variants are 
capable of fast dynamics, but P2-P3 exhibits more heterogeneity within individual traces. 
Therefore, the average trace for the P1-P2 variant differs from the average trace for P2-P3 
variant in terms of dynamic behavior, although the average FRET dwell times and the transition 
rates for both variants are comparable. 
Figure 5.8    
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Figure 5.8   Stabilization by guanine of the high-E state of the P2-P3 variant. At each Mg2+ and 
guanine concentration, the value of ΔG° was calculated as –RT•ln(kfold/kunfold). Guanine stabilizes 
the high-FRET state by ΔΔG° = 0.51 ± 0.26 kcal/mol at 100 µM Mg2+ and 0.44 ± 0.40 kcal/mol 
at 1 mM Mg2+. Error bars represent propagation of the standard errors of k values from Figure 
5.4E. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.9   Heterogeneity in the folded-state and unfolded-state dwell times of the G riboswitch 
aptamer domain. (A) The high-E (folded state) and low-E (unfolded state) dwell times were 
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averaged to yield a single value for each of the indicated number of P2-P3 molecules under each 
buffer condition. The results are represented in 2D scatter plots that compare the average time 
each molecule spent in the folded or unfolded state during data acquisition (~1 min) (17). (B) 
Scatter plots were constructed for the P1-P2 variant with and without 500 nM guanine at 10 µM 
Mg2+. The log averages of the folded-state and unfolded-state dwell time values for all molecules 
under each condition were calculated to determine the average high-FRET and low-FRET dwell 
times as well as the values for kfold and kunfold (Figures 5.4E and 5.7A). 
 
 
Figure 5.10   Proposed folding model for the G riboswitch aptamer domain. See text. 
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Chapter 6 
Backtracking of the Rho Motor along RNA during ATP-
Dependent Translocation 
 
 
 
6.1 Introduction 
The homohexameric RNA helicase Rho is a highly abundant and essential bacterial 
transcription termination factor required for dissociation of ~50% of transcription elongation 
complexes in the cell.1-4 Rho helicase binds to a Rho-utilization sequence (Rut) within the RNA 
transcript characterized by multiple pyrimidine (mainly cytosine) dimers typically 100-200 
nucleotides upstream of the transcription termination site. Upon RNA binding through Rho’s N-
terminal primary binding sites, RNA interactions with Rho’s secondary binding sites activate the 
ATPase activity of the Walker A motifs located near the adjacent C-terminal domains of Rho 
monomers within a homohexamer.5,6 Rho-dependent transcription termination ensures gene 
fidelity as run-on transcripts extending between operons could be detrimental to prokaryotes.7 
Evidence for the involvement of Rho interactions with RNA polymerase8 and the RNA 
chaperone Hfq9 in transcription termination has recently surfaced. Additionally, Rho is 
implicated in the bacterial “immunity” system as a silencer of exogenously acquired (e.g., 
prophage) genes presumably through the same RNA transcript-binding mechanism.10 
The presence of primary and secondary RNA-binding sites in Rho was suggested by 
Galluppi and Richardson,6 and alternative wrapping models were proposed.11 However, the 
nature of the RNA binding sites in Rho-RNA interactions was poorly understood until crystal 
structures revealed both an oligosaccharide/oligonucleotide-binding (OB) fold12 and an F1-like 
ATPase domain in both monomeric and hexameric Rho structures while supporting a “lock 
washer” model for Rho conformational changes during RNA-binding.13,14 Furthermore, 
mutagenesis studies have revealed coupling between RNA and ATP binding,15 and crosslinking 
evidence has supported the hexameric Rho oligomer as the active helicase form16 with RNA 
passing through the central pore.17 
The contribution of the RNA helicase activity of Rho to transcription termination is 
currently under debate,8,18,19 and open-ended questions remain regarding Rho-RNA 
interactions.20 Recent studies have offered conflicting views on the mechanism of ATP-
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dependent motion of Rho along single-stranded RNA in terms of the specific contacts between 
Rho and RNA.21,22 On the global conformational level, the conventional models for Rho 
translocation have centered on either tracking or tethered-tracking motion.23-25 In the tracking 
model, Rho binds to the RUT site, then releases the site and moves 5’ to 3’ along an RNA track 
until it reaches the transcription elongation complex (TEC) upon which Rho is thought to apply a 
destabilizing force. The tethered-tracking model is similar in principle, with RNA pulled through 
the hexameric ring via coordinated ATP-hydrolysis events at the secondary binding sites,26 
except the primary RNA binding sites of the Rho hexamer remain bound to the RUT sequence 
throughout the translocation process. The latter mechanism would support nucleic-acid loop 
formation near Rho’s N-terminus composed of RNA pulled through the central cavity of the Rho 
hexamer in a similar manner to that proposed for T7 DNA helicase.27,28 An entirely different 
“looping” model was also briefly considered in which Rho remains bound to the RUT site and, 
instead of translocating, relies on RNA looping to make physical contact with and disrupt the 
TEC. Intervening RNA/RNA duplexes inhibit Rho helicase activity and termination efficiency, 
making this model unlikely, but transcription termination models that don’t require Rho 
translocation and RNA/DNA helicase activity persist.8,19 It is likely that Rho engages multiple 
pathways of TEC destabilization but this study focuses on the dynamics observed during RNA 
translocation and RNA/DNA unwinding as a model system for transcription termination. 
Single-molecule techniques including Förster resonance energy transfer (smFRET) have 
proven uniquely suited in elucidating helicase mechanisms,29-32 including homohexameric 
helicases.33,34 Recently, single-molecule force spectroscopy experiments identified intermediate 
states in the binding of Rho helicase to a natural RUT RNA sequence derived from 
bacteriophage λ, with the observation of Rho-RNA binding states that seem to support the 
tethered-tracking model.35 These experiments involved destabilization of pre-formed Rho-RNA 
complexes and could not resolve the temporal dynamics of Rho translocation. Single-molecule 
FRET (smFRET) offers a complementary method in deciphering the physical mechanism by 
which Rho could terminate transcription, as fluctuations between two points on RNA or between 
Rho and RNA can be monitored with subnanometer precision on the millisecond time scale.36 
In this study we show ATP-dependent dynamics between single Rho-RNA complexes 
that offer direct evidence for the tethered-tracking model. Our results also show repetitive 
translocation dynamics that demonstrate an oscillatory movement of the RNA 3’ end towards 
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and away from Rho helicase. The average distance between the two decreases over time in what 
likely involves discrete forward translocation steps causing expansion of an RNA loop at the N-
termini of Rho hexamer.  Backwards translocation steps diminishes the loop size, and after every 
few oscillations, the average loop size increases as an ‘irreversible’ forward translocation step 
occurs. Secondary structure in the RNA oligo promotes backwards movement, although helicase 
unwinding still occurs to a lesser extent. The implications for Rho dynamics in transcription 
termination will be discussed and a general model for Rho-RNA interactions is presented that 
both agrees with previous investigations and offers a new perspective on backwards-forwards 
dynamics by an RNA helicase. 
 
6.2   Results and Discussion 
To elucidate potential mechanisms for how the molecular motor Rho interacts with an 
RNA/DNA substrate, RNA containing regions of high uracil/cytosine content was in-vitro 
transcribed and annealed to DNA labeled with Cy5.  The single cysteine within a Rho protomer 
(six total per hexamer) was conjugated with Cy3-maleimide for single-molecule FRET 
measurements. The ability of Rho to affect the conformation of the RNA/DNA constructs was 
tested by dual-labeling the RNA through annealing and measuring FRET before and after the 
addition of Rho. This dual-labeled RNA assay had the added benefit of allowing higher 
concentrations of Rho to be used, since unlabeled protein contributes no background signal. 
Finally, two distinct sequences of RNA were used that together provide evidence for the effects 
of RNA secondary structure on Rho helicase dynamics at the single protein-RNA level. A Cy3-
labeled Rho protein was added in solution to surface-tethered Cy5-labeled RNA/DNA hybrids 
containing variants of Rho-utilization sequences (RUT) found in bacteria and phages.43 
Complementary studies were performed with unlabeled Rho and dual-labeled RNA for 
measuring changes in RNA conformation.  
 
6.2.1   Single-Molecule TIRF Assay to Measure Rho Helicase Activity in the Presence of 
ATP 
An artificial Rut (aRUT) sequence previously designed by Boudvillain and coworkers38 
was transcribed and labeled through hybridization in our lab for single molecule experiments 
with Cy3 labeled Rho hexamers (Figure 6.1a). FRET dynamics between labeled Rho and RNA 
molecules were measured hundreds at a time. By compiling the FRET values observed in the 
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individual traces shown in Figure 6.2, we can build histograms displaying the number of 
observed FRET values with and without the addition of ATP (Figure 6.1b). The left histogram 
displays a single predominant peak corresponding to Cy3-labeled Rho bound to Cy5-labeled 
RNA in the absence of ATP. Addition of ATP (right histogram) leads to a much broader 
distribution of observed FRET values, indicating ATP-dependent dynamics. The TIRF-based 
helicase assay was further extended to counting of RNA/DNA hybrids remaining intact on the 
quartz surface with 633 nm laser excitation as a function of time. For each time point, 20 images 
of the RNA/DNA construct depicted in Figure 6.1a were recorded and the number of molecules 
was determined. The initial number of molecules, before addition of Rho, was designated time 0 
and used to normalize the subsequent time point values. The lack of Rho or ATP gave no change 
in spot number over the course of an hour, but addition of 500 pM Rho and 1 mM ATP led to a 
notable decrease in RNA/DNA annealed products (Figure 6.1c). Additional Rho increased the 
rate of unwinding but higher concentrations (>50-100 nM Rho hexamer) led to saturation and 
slightly diminished activity. Increasing ATP and magnesium concentrations did not noticeably 
increase the unwinding rate at high Rho concentrations (data not shown). Complete removal of 
RNA/DNA hybrids from the surface did not occur within the time frame of our assays; this is 
possibly due to higher order aRUT structures or surface effects.  
The TIRF-helicase assay was also performed with dual-labeled RNA/DNA constructs 
(Figure 6.1d) and unlabeled Rho. Figure 6.1e shows an example of the histograms obtained from 
single-molecule counting of dual-labeled RNA/DNA constructs over time. The aRUT RNA was 
not incubated in RNasin for the experiment in this figure, so the total number of RNA/DNA 
duplexes decreases slightly over time even in the absence of ATP.  It should be noted here that 
the conjugation of Rho with Cy3 dye has no effect on the ATPase or unwinding ability (Figures 
6.3 and 6.4). Additionally, surface-unwinding rates for both dual-labeled (Cy3- and Cy5-labeled) 
and Cy5-labeled RNA/DNA constructs were comparable and the observed unwinding rates for 
either construct were considered interchangeable (see Figure 6.4). These figures also show that 
labeling of Rho with Cy3 did not perturb unwinding or ATPase activity and both single and dual-
labeled RNA/DNA constructs were unwound with comparable efficiency. Thus, under these 
conditions, Rho helicase unwinding occurs and may correlate with ATP-dependent dynamics.  
 
6.2.2   ATP-Dependent Dynamics Correlate with Rho Helicase Activity 
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ATP-dependent dynamics were observed for single molecules (Figure 6.2) and the 
percentage of single molecule traces exhibiting FRET dynamics increased with ATP 
concentration. Most FRET traces (>95%) did not exhibit FRET fluctuations in the presence of 
ADP or ATP-γ-S (Figure 6.2a). Interestingly, almost as many initial binding events were 
observed with 1 mM ATP-γ-S as with 1 mM ATP; approximately 5 times more than with ADP 
(data not shown).  
The fluctuation rates in the FRET values can be determined by performing cross-
correlation analysis on the Cy3 and Cy5 fluorescence intensities obtained from single-molecule 
trajectories. Figure 6.2b shows trajectories obtained from three ATP concentrations on the left 
and the plots on the right show the results for cross-correlation of the intensity values at the 
specified concentrations. Fitting the plots, each of which was averaged from dozens of 
molecules, to a single exponential function gives the average rate of FRET fluctuations. 
Increasing ATP leads to a higher fluctuation rate and demonstrates the ATP-dependence of the 
observed FRET dynamics. Increasing ATP concentrations also led to increased DNA/RNA 
duplex unwinding (Figure 6.5e). 
 
6.2.3   Effects of Rho on Conformation of RNA with Secondary Structure 
ATP-dependent dynamic behavior was characterized by FRET fluctuations that were 
difficult to interpret. To gain more information on the effects of Rho on aRUT RNA 
conformations, a dual-labeled RNA/DNA construct was incubated with unlabeled Rho helicase 
(Figure 6.6b, right). In the absence of Rho, aRUT RNA adopts at least two mid-FRET 
conformations that can interchange on the tens of seconds time scale but are overall stable 
secondary structures (top left Figure 6.5a and top of Figure 6.5c). Addition of as little as 500 pM 
Rho promotes formation of a third, lower FRET peak that becomes larger with increasing [Rho] 
until there are no other peaks at very high protein concentrations (Figure 6.5a, left). Interestingly, 
the highest FRET peak adopted by aRUT RNA diminishes first as the lowest FRET peak 
emerges. We interpret this result as Rho melting RNA secondary structure and/or limiting RNA 
compaction. It is unclear whether Rho and RNA undergo multistep-binding interactions,44 but a 
simpler explanation is that full hexamers bind and release leading to mixed populations of bound 
and unbound RNA at lower [Rho].  
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6.2.4   Rho Activity in the Absence of Substrate Secondary Structure 
Due to secondary structure present in aRUT RNA, interpretation of the resulting 
heterogeneous FRET data with Rho is limited. To simplify the analysis of Rho-RNA 
interactions, a new aRUT RNA termed artificial, unstructured RUT (auRUT) was designed by 
using Mfold39,39 to improve the original aRUT sequence in terms of Rho binding character 
(Figure 6.7). The resulting auRUT sequence is shorter at 102 nucleotides total, contains 80% UC 
content and is devoid of secondary structure. Subtracting the length of RNA annealed to labeled 
DNA oligos, the length of auRUT is 64 nt versus 119 nt for aRUT (Figure 6.5b). This length is 
approximate to the RNA-binding footprint of Rho.18 ATPase activity assays confirm that not 
only does Rho hydrolyze ATP in the presence of auRUT, but it does so greater than 24 times 
more rapidly than in the presence of either aRUT or cro RNA – one of the few naturally 
occurring RUT sequences identified (Figure 6.6a).45 A single-molecule histogram of dual-labeled 
auRUT RNA/DNA in the absence of Rho contains a single low FRET peak at E ~ 0.1, distinct 
from the donor-only peak at E = 0, and confirms the lack of secondary structure (top right of 
Figure 6.5a). An example of an individual trace can be seen at the bottom of Figure 6.5c. 
Addition of increasing [Rho] leads to an intermediate FRET state (Figure 6.5a, E ~ 0.2, 0.05 nM 
Rho) in auRUT before it adopts a stable E ~ 0.4, mid-FRET peak at 500 pM Rho hexamer. In 
contrast, the same concentration of Rho produces only a slight effect on dual-labeled aRUT 
(bottom left of Figure 6.5a). The ratio of the bound to unbound population within the dual-
labeled auRUT histograms was calculated and plotted versus Rho concentration in Figure 6.5d. 
Saturation at 100 nM Rho hexamer was followed by apparent self-inhibitory effect in accordance 
with data from Figure 6.1c. The number of surface-bound, dual-labeled auRUT constructs was 
determined from integrating single-molecule histograms (like in Figure 6.1e with aRUT) to 
quantify helicase activity as shown in Figure 6.6b for dual-labeled auRUT. Helicase activity on 
auRUT is saturated at 1 mM ATP (Figure 6.5e) 
 
6.2.5   Measurement of Rho RNA binding kinetics and oscillatory RNA     
translocation via a synchronized flow assay 
Since Rho helicase shows expected ATP-dependent helicase activity, we next asked 
whether ATP has an effect on the initial binding of Rho to the RNA substrate. To determine 
binding rates, a flow assay was employed so that the time between introduction of the protein to 
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the surface-bound auRUT and protein-RNA interaction could be measured as shown in Figure 
6.8a. Cy3-labeled Rho is flowed into solution during the measurement, leading to a background 
fluorescence intensity increase designated as initial time (t0). Once a Rho protein binds to a 
surface-bound, Cy5-labeled RNA, a sharp increase in fluorescence signal over background is 
observed and marks the final time (tf). The inverse of the time required for binding, (tf-t0), allows 
for an accurate determination of binding rates, which are plotted in Figure 6.8b as a function of 
ATP concentration. The strong dependence of the binding rate on [ATP] indicates the 
fluorescence spike at tf is binding of a full hexamer, since ATP promotes hexamer formation. We 
are likely observing ATP-mediated interactions between RNA and Rho secondary RNA binding 
sites (see discussion).  
  Given that Rho helicase seems to exhibit complex dynamics of a heterogeneous nature at 
the single-molecule level, an additional benefit of the flow assay is the synchronization of each 
individual Rho/RNA interaction, such as in Figure 6.8a, measured after tf and before dye 
bleaching. Averaging these traces together for each condition allows the construction of 
averaged FRET curves as shown in Figure 6.8c. Two orientations were used for the cyanine dye 
positions for both aRUT and auRUT and are depicted in Figure 6.8d.  The “Fwd” orientation 
involves the Cy5 dye placed downstream at the 3’ end of the a(u)RUT RNA sites and the “Rev” 
orientation has the Cy5 dye upstream near the RNA 5’ end. In Figure 6.8c, we see the averages 
of many FRET traces (see figure caption for more details) upon binding of Cy3-Rho to Cy5-
auRUT with the Cy5 placed downstream near the 3’ end. ATP-induced translocation is evident 
by the red curve, which shows periodic oscillations from low to high FRET. Each FRET 
oscillation, as time progresses, leads to a higher FRET value than previously (note the increase in 
the “trough” FRET value in Figure 6.8i,j).  By zooming in on the first 30 seconds after Rho 
binding in Figure 6.8e, the low frequency oscillations appear to be on the 10-second time scale. 
In contrast, little to no dynamics or overall change in averaged FRET values occur in the absence 
of ATP (black line). An individual Cy3-Rho, Cy5-RNA FRET trajectory is shown in Figure 6.8i 
to demonstrate the oscillations leading to high FRET efficiency from the low FRET state. 
Similar dynamics are observed with dual labeled RNA and unlabeled Rho (Figure 6.8j). The 
same “Fwd” orientation with the aRUT construct reveals oscillations on an even faster scale 
(Figure 6.8f). However, overall FRET efficiency does not increase over the course of 30 seconds 
as it does with auRUT presumably due to the presence of secondary structure. The averaged 
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aRUT FRET trajectories are only shown to 30 seconds in Figure 6.8f because not enough traces 
lasted longer to yield meaningful statistics. Similar issues, whether they involve poor Rho-RNA 
or Rho-dye interactions, led to shorter averaged trace results in Figures 6.8g and 6.8h. However, 
the curves demonstrate less ATP-dependent Rho-RNA dynamics occurring upstream of the Rho 
binding site in RNA, although more “Rev” dynamics are observed with the aRUT RNA than 
with auRUT. This observation is in agreement with the roadblock-induced backtracking model, 
associated with RNA secondary structure, discussed in the following sections.  
 
6.3   Conclusions 
To contribute to the model of Rho-RNA interactions being developed over decades of 
research, this study seeks to demonstrate (A) the dynamics observed are due to a Rho hexamer 
with RNA contacting the secondary binding sites within the hexamer core and (B) ATP-triggered 
‘yanking’ applies destabilizing force on RNA/DNA duplexes which mimic TECs and leads to 
directed motion along structure-less RNA.  
In our assay, Rho hexamers underwent repetitive motion along both aRUT and auRUT 
RNA in an ATP-dependent, paddleball-type mechanism with RNA being threaded, or ‘jerked’, 
through the central channel towards the N-terminal domains and then released, or pushed, back 
out through the C-terminal pore opening. This is possibly due to a reversal in the ATPase firing 
order between monomers near the RNA secondary binding sites within the hexamer pore.22 This 
reversible ‘yanking’ of the RNA polymer might be one method for applying force to the TEC 
leading to RNA polymerase-DNA destabilization and termination.35,46 Although the Rho 
hexamer has been established as the active RNA helicase unit, this study represents the first time 
Rho-RNA dynamics and Rho translocation along RNA has been directly observed. 
 
6.3.1   ATP-dependent Rho FRET dynamics and RNA Binding kinetics are carried out by a 
Rho hexamer with RNA contacting the secondary binding sites within the hexamer core 
 
We must use indirect evidence to confirm the Rho oligomeric form active in our assays, 
since there is on average one dye per hexamer and we cannot simply count the number of 
monomers with bleaching steps. A distinct conformation is thought to be formed when Rho 
binds ATP that differs from the RNA-bound form.47 This structural change is likely due to a few 
peptide alterations near the N-terminal region and ATPase hydrolysis site rather than global 
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conformational changes.48 In this study, the RNA-binding competence of this ATP-bound Rho 
conformation increases with increasing [ATP] as demonstrated by direct binding rate 
measurements plotted in b. As both RNA and ATP stabilize the Rho hexamer,49-51 and nucleotide 
binding correlates positively with RNA binding,6,18 we can assume when analyzing our data that 
the activity observed in our measurements is due to a complete Rho hexamer.50,52 The avid 
binding of Rho to RNA in the absence of ATP is still expected as Rho can exist as a hexamer 
without nucleotides, although the hexamer is thought to be less stable.50 One hexamer has been 
shown to be saturating for binding both structured and unstructured RNA lengths used in this 
study; particularly in the presence of ATP.6  
 
The dependence of the initial binding rate on ATP indicates that the binding might occur 
through secondary binding site interactions, as primary RNA binding site affinity for RNA has 
been assumed to be ATP-independent.53 The higher Rho ATPase rate in the presence of auRUT 
versus aRUT (Figure 6.6a) may indicate RNA interactions with the secondary binding sites of 
Rho which are formed upon oligomerization of Rho protomers and closure of the hexamer ring 
with RNA threaded through the central pore.13 Furthermore, Figure 6.5a (left) demonstrates the 
low FRET peak formed by binding of unlabeled Rho in concentrations as low as 500 pM is 
similar to the stable, low FRET peak formed at higher Rho concentrations. Additionally, Figure 
6.8e-h demonstrates behavior most easily explained by the tethered-tracking model associated 
with Rho hexamer activity (see below). These observations are in agreement with an optical 
tweezers study showing the expected binding site size of a full hexamer with a comparable Rho 
concentration of 20 nM.35 From Rho monomer concentrations as low as 5 nM to tens of 
micromolar, hexamer formation and helicase activity have been demonstrated as maximal and 
stoichiometric.6,52,54 Now that we have supported the assertion that a hexamer is threading RNA 
through the central pore in our assays, we are able to interpret the FRET dynamics in a 
meaningful way. 
 
6.3.2   ATP-Triggered ‘Yanking’ Applies Destabilizing Force on RNA/DNA Duplexes that 
Mimic TECs and Leads to Directed Motion Along Structure-less RNA 
 
Upon binding and RNA interactions with Rho secondary binding sites, RNA ‘yanking’ 
occurs in the presence of secondary structure (aRUT) but does not lead to directional movement 
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(translocation) of Rho along the RNA strand as compared to structure-less auRUT RNA (Figure 
6.8e,f). Whether the FRET fluctuations correspond to seven-nucleotide steps21 observed with 
combinatorial nucleotide analog interference mapping (NAIM) experiments remains to be 
determined. Unwinding still occurs with aRUT despite reduced processivity exemplified by 
backwards (3’ to 5’) motion in Figure 6.8f, albeit to less an extent than with auRUT (compare 
Figure 6.1c, 5 nM Rho with Figure 6.5e, 1 mM ATP). Rho tugging on RNA might bring the 
RNA/DNA hybrid within physical contact distance of the protein or destabilize the duplex 
through repeated motion even if irreversible translocation of Rho along the RNA is impeded. 
The restricted translocation is possibly the cause of the lower unwinding efficiency. As Rho pulls 
on aRUT, backtracking along the RNA also occurs as revealed by the decreasing FRET slopes 
seen in Figure 6.8f, which restricts translocation. Single-molecule and stopped-flow experiments 
by Patel and coworkers have shown that physically blocking backwards movement increases the 
unwinding rate and processivity of T7 DNA helicase on a DNA template with T7 DNA 
polymerase.27,55 Interestingly, the oscillatory FRET dynamics of aRUT as depicted in Figure 6.8f 
appear faster than with auRUT, although the Rho ATP hydrolysis and unwinding rate are lower. 
It is possible that roadblocks in the RNA ‘track’ in the form of secondary structure weaken the 
interaction between Rho and RNA, allowing dynamic motion not directly coupled to ATP 
hydrolysis which is generally considered the mechanism by which Rho releases RNA from its 
secondary binding sites as translocation proceeds.5 While the inhibitory effect of RNA secondary 
structure on Rho activity has been known for some time,56 future experiments probing the ability 
of higher order nucleic acid structure, in addition to RNA sequence dependence, on decoupling 
Rho ATPase activity and dynamics would assist in understanding the more nuanced behavior of 
this complex molecular motor. 
As mentioned previously, the tethered-tracking model suggests RNA loop formation at 
the N-terminal site of the Rho hexamer. An additional implication of this model is that the 
distance between the N-terminal region of Rho and the RNA upstream of the RUT site would not 
change as translocation progressed. Our data in Figure 6.8 support the tethered-tracking model 
for Rho translocation.20,25 The unannealed auRUT RNA sequence used in this study is slightly 
shorter than some lengths predicted for complete interaction with all available RNA binding sites 
on the Rho hexamer, but evidence suggests that every primary binding site need not be bound to 
RUT regions for efficient translocation.22,49 In Figure 6.8g, averaged FRET curves of Cy3-
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labeled Rho bound to Cy5-auRUT demonstrate little to no overall FRET change between the N-
terminal domains of the Rho hexamer and 5’ RNA region upstream of the Rho primary binding 
site even in the presence of ATP. Fluorescent dye instability in the “Rev” orientation precluded 
longer averaged traces (see materials and methods).   Similar results were obtained for aRUT in 
the “Rev” orientation (Figure 6.8h), although the slight increase in “Rev” FRET dynamics when 
compared to Figure 6.8g makes sense given the increased rate of backwards movement observed 
for aRUT in Figure 6.8f. These results indicate that Rho does not release the RUT site as would 
be expected with the ‘tracking’ model, and that Rho undergoes tethered-tracking translocation 
with both aRUT and auRUT with the former promoting backward motion of Rho. 
 
6.3.3   Model for Rho Translocation along RNA with and without Secondary Structure 
The contribution of this study to the growing model of Rho-RNA interactions is 
presented in Figure 6.9. It was already assumed that RNA interacts initially with the N-terminal 
primary binding sites of Rho while in the “lock washer” conformation (orange hexamer in 
figure).49,57 Once RNA makes contact with the secondary binding sites, the hexamer ring closes 
and ATP hydrolysis pulls RNA from the C-terminal to N-terminal side of Rho.14 Our results 
indicate that in the absence of secondary structure and with very high UC-content (auRUT, top), 
RNA is threaded step-wise through the central channel in a reversible process giving rise to 
oscillatory FRET dynamics observed in Figure 6.8e,i,j. The maximum distance between Rho and 
the 3’ end of RNA decreases over time during these oscillations. Since FRET values observed in 
individual traces rarely decrease below these maximum distance ‘troughs’ (see Figure 6.8i,j) in 
the FRET oscillations, we label each increase in FRET value of the ‘troughs’ as an irreversible 
step in the translocation process. In the presence of secondary structure (aRUT, bottom), the 
troughs in FRET do not rise in value (i.e., the maximum distance between 3’ RNA and Rho does 
not decrease). Examples of single molecule trajectories lacking clear irreversible steps, in that 
the FRET values in the troughs do not increase over the course of the time trajectory, with aRUT 
can be seen in Figure 6.2. Averaging many synchronized aRUT “Fwd” events in Figure 6.8f 
show some increase in the minimum FRET value up to 20 seconds, but overall FRET increase, 
which would indicate directed, ATP-dependent translocation, is restricted in comparison to 
Figure 6.8e. It even appears that FRET decreases as time progresses. Taken together with the 
slight increase in FRET observed in Figure 6.8h in the presence of ATP, it is possible that Rho 
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backtracks on structured RNA and this observation is represented in Figure 6.9 at the bottom 
right. ATP-induced force applied to the RNA 3’ end may still be sufficient for DNA/RNA hybrid 
destabilization within the TEC. Additional experiments would be required to confirm this 
hypothesis, as we cannot determine the extent of contact Rho makes with the RNA/DNA duplex 
in these assays. 
 
6.3.4   Additional Considerations 
At higher Rho concentrations (> 100 nM), a second, low FRET peak emerges within the 
dual-labeled auRUT construct (Figure 6.10). The nature of this population is unclear; it coincides 
in FRET value with the unbound auRUT population (Figure 6.5a, top right) and might be 
represent unbound RNA. This makes sense in terms of the auto-inhibitory effect observed with 
Rho in Figure 6.1c. Additionally, it can be assumed that the length of auRUT RNA is traversing 
the central pore, as short RNA oligos of 22-23 nucleotides have been able to form stacked dimers 
of hexamers.18,49 However, if it represents the Rho hexamer threading auRUT through the central 
pore, the mid-FRET population observed at [Rho] < 50 nM may correspond to different 
oligomerization states (a specific form of hexamer or a dodecamer) of Rho wrapping the RNA 
around the primary binding sites and the seemingly degenerate low FRET peak induced by lower 
concentrations of Rho bound to dual labeled aRUT RNA might very well be out of the sensitivity 
range for Cy3-Cy5 FRET in distinguishing different oligomeric states of Rho interacting with the 
longer aRUT RNA.   
Furthermore, at no point do we attempt to interpret FRET dynamics as resulting from 
Rho protein conformational changes during RNA threading through the open-washer 
conformation to interact with the secondary RNA binding sites. In Figure 6.8a, we assume RNA 
is threaded through the central cavity immediately after the fluorescence spike at tf. This might 
be somewhat surprising as it indicates RNA threading through the central pore occurs faster than 
the time resolution for our measurements (~33 ms).6 However, given the limited interpretations 
we have presented, we feel any FRET dynamics resulting from Rho switching from primary site 
to primary and secondary site binding of RNA would not contradict the main findings of the 
study. 
 
6.3.5   Summary 
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The purpose of this report was to offer evidence that a Rho hexamer translocates along 
RNA in a step-wise, oscillatory manner that has dependence on secondary structure. Future 
single-molecule experiments involving Rho helicase will be benefited by using 100% labeled 
Rho monomers, so that the oligomeric state of Rho during initial binding and subsequent 
translocation can be monitored by counting photobleaching steps. Helicase backtracking 
experiments involving placement of specific secondary structure motifs upstream of the a(u)RUT 
sites would test whether roadblocks on the 5’ RNA end of the Rho binding site can increase 
translocation efficiency as observed with T7 helicase.55 Furthermore, rigid dye attachments, such 
as fluorophore-labeled nucleotide analogs bound within the hexamer ring, will enable 
fluorescence polarization studies that can determine whether Rho rotates while interacting with 
RNA. Investigation of RNA-loop formation at the Rho N-terminus region and precise 
determination of its step size, as it might correlate with cooperativity and directionality in ATP 
hydrolysis22 during reversible and ‘irreversible’ translocation steps, will further the 
understanding of the complexities surrounding homohexameric ATPases. 
 
6.4   Materials and Methods 
6.4.1   In Vitro Transcription and RNA/DNA Construct Synthesis 
All RNA was transcribed in-vitro with MEGAscript T7 kits (Ambion). The native Rho 
utilization sequence control (λ cro RNA – Figure 6.6a) was produced from pIF2 plasmid,37 
which was a generous gift from Smita Patel. Two artificial Rho-recognition sequences were 
utilized for this study: aRUT38 and auRUT. aRUT RNA was produced by purchasing a single-
stranded DNA Ultramer oligo (IDT) for the 157 nt transcribed sequence (Figure 6.7). The 
dsDNA for in vitro transcription was produced through PCR with the forward primer 
ATATGATTCTAATACGACTCACTATAGGGAGACCGGCCAGCTTG (underlined: EcoRV 
site), which contains the T7 promoter sequence, and the reverse primer  
ATATGGATCCGGGACCGGATGAGCGGATCTCCT (underlined: BamHI site). Upon 
enzymatic cleavage and purification with 1.5% agarose gel electrophoresis followed by ethanol 
precipitation, the dsDNA was ligated into the pUC19 vector for amplification. The purified 
plasmid was cut with BamHI prior to in vitro transcription, which was performed according to 
the MEGAscript manual instructions. 
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Design of auRUT was performed using Mfold39 by using aRUT as a starting sequence 
with systematic variation until no secondary structure was predicted.  The dsDNA was 
constructed by a single PCR with four primers. The first two forward and reverse primers 
composed the sequence corresponding to the RNA and the second set added the T7 promoter and 
restriction sites. The first forward and reverse primer set consisted of 
GGGAGACCGGCCAGCCCTTCCTCCTCCTTCTTCTTCCCCCCCTTCTTCCCTTCCCTTCC 
and GGGAGACCGGCCAGCCCTTCCTCCTCCTTCTTCTTCCCCCCCTTCTTCCCTTC-
CCTTCC, respectively. The second forward and reverse primer set was 
ATATGAATTCTAATACGACTCACTATAGGGAGACCGGCCAGC (underlined: EcoRI, 
contains T7 promoter) and ATATGGATCCGATATCGGGACCGGATGAGCGGATCT 
(underlined: BamHI), respectively.  
RNA was purified using 15% polyacrylamide gel electrophoresis, phenol-chloroform 
extracted and ethanol precipitated before aliquoting and freezing at -80 °C. RNA/DNA hybrids 
were constructed using short DNA oligos that annealed to either the 5’ or 3’ end of the RNAs. 
For λ cro RNA, 5’ biotin-TTTAGCCTCGTTGCGTTTGTTTGCACGA-3’ Cy5 was used for 
annealing and subsequent ATPase assays (see below). Biotin and Cy5 were included for single-
molecule assays with cro RNA and Cy3-labeled Rho protein but no data is shown in this 
manuscript due to lack of observed smFRET dynamics. For the aRUT “Fwd” construct (Figure 
6.8d and all single-dye aRUT constructs), GCTGGCCGGTCTCCC-3’ biotin (aRUTA) and 
CGGGACCGGATGAGCGGATCTCCTGC-3’ amine (aRUTB) were annealed with a 
aRUTA:RNA:aRUTB ratio of 1:1.5:2. Prior to annealing, the amine in aRUTB was reacted with 
Cy5-NHS (GE Healthcare, see below for conditions). For the dual-labeled aRUT/DNA construct 
(e.g., Figure 6.5), aRUTA included a 5’ amine conjugated to Cy3-NHS and aRUTB was 
conjugated to Cy5-NHS. The 3’-biotin of aRUTA was removed in the dual-labeled construct and 
was added to 5’ end of aRUTB. Helicase activity is equivalent in either orientation (Figure 6.4). 
Similarly, single-labeled auRUT RNA was hybridized to aRUTA and 
TTATCGGGACCGGATGAGCGGATCT-3’ amine (auRUT3prime) to form the “Fwd” 
construct. The same labeling arrangements apply for the single- and dual-labeled auRUT/DNA 
constructs. For the “Rev” RNA/DNA constructs in Figure 6.8d,g,h, the aRUTB and 
auRUT3prime sequences were used without amine modifications and an 5’-amine modification 
for Cy5-NHS labeling was added on to aRUTA. 
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All annealing reactions were performed in 10 mM Tris (pH 8), 250 mM NaCl and 1 mM 
EDTA. Samples (1 µM for auRUT RNAs, with ratios for hybridized oligos mentioned above) 
were heated to 85 °C in a heating block and slow-cooled by removing the block and letting sit at 
room temperature for ~ 3 hours before storing at 4 °C for 3 more hours prior to freezing. All 
amine/Cydye-NHS labeling reactions were performed in 50 mM Borax (sodium tetraborate, 
Fischer, pH 8.5) buffer by mixing 7 uL 1 mM oligo, 14 uL 23 mM Cy3- or Cy5-NHS (in 
DMSO) and 21 uL 100 mM Borax. After incubation at room temperature for ~ 5 hours, labeled 
oligos were purified with 2x ethanol precipitation before being redissolved in 10 mM Tris (pH 
8), 50 mM NaCl (T50) buffer and frozen.  
 
 
6.4.2   Protein labeling and activity assays 
The Rho protein was a generous gift from Smita Patel. Since Rho contains one 
endogenous cysteine per monomer, maleimide-thiol chemistry was considered specific and 
sufficient for fluorophore conjugation. Rho protein was labeled with Cy3 maleimide dye (GE 
Healthcare) by mixing 5 µL 23 mM Cy3 maleimide in DMSO with 600 µL Rho solution (buffer: 
40 mM Tris, pH 8, 150 mM NaCl, 10% glycerol, 0.1 mM DTT) for final concentrations of 170 
µM Cy3 and 1.36 µM Rho hexamer. Labeling efficiency was ~16% dye per Rho monomer so 
one dye per hexamer is assumed. Higher labeling efficiency was obtained by first removing DTT 
from the storage buffer (50 mM Tris, pH 8, 200 mM NaCl, 10% glycerol). Centricon spin 
columns (10,000 MWCO, Millipore) were used to remove unreacted dye and labeling efficiency 
was determined spectroscopically (see Figure 6.3).  
ATPase assays were used to confirm activity for labeled Rho and compare ATPase rates 
of Rho with different RNA constructs prior to single-molecule imaging. EnzChek Phosphate 
Assay kits (Molecular Probes) were used according to manufacturer’s protocol but briefly, 10 µL 
1 M KCl, 10 µL Tris (0.4 M, pH 7.7) and 1 µL 0.4 M MgCl2 were mixed with 55 uL water. Next, 
20 µL 1 mM MESG and 1 µL 100 mM ATP were mixed in before the addition of 1 µL PNP (1 
U) and Rho helicase for a total volume of 100 µL. The solution was placed in a quartz cuvette 
and the absorbance at 360 nm was measured over time. The reaction was initiated by the addition 
of RNA.  
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Unwinding of the RNA constructs was confirmed by native polyacrylamide gel 
electrophoresis (PAGE). 20 uL reactions were prepared by mixing 2 µL 0.4 M Tris (pH 8), 2 µL 
1 M KCl, 1 µL 80 mM MgCl2, 2 µL 2 µM Rho and 2 µL 500 nM aRUT or auRUT “Fwd” RNA 
construct. Reactions proceeded for 20 minutes at 37 oC before addition of gel loading buffer 
(40% sucrose, 0.17% bromophenol blue, 10 mM EDTA) for running on a 10% TBE PAGE gel. 
Gels were imaged with a 4000mm ImageStation (Kodak) at 625 nm/670 nm excitation and 
emission, respectively. See Figure 6.6a for an example gel image. 
 
6.4.3   Total-internal reflection microscopy 
The 5’ or 3’ ends of RNA oligonucleotides were tethered to a quartz slide and free Rho 
protein was added in solution. The fluorescence emissions of Cy3 and Cy5 dyes attached to Rho 
and the RNA/DNA complexes (e.g., Figure 6.1a) were collected and smFRET values were 
obtained for hundreds of Rho/RNA interactions simultaneously with TIRF. Prism-type, wide-
field TIRF microscopy was performed with a 60x, 1.2 NA objective (Olympus) in an inverted 
microscope.40 Fluorescence signal was collected with an EMCCD detector (iXon, Andor) with 
30-millisecond binning. Flow channels for TIRF measurements were constructing using double 
sided tape (Scotch), polyethyleneglycol (PEG)-passivated quartz slides (G. Finkenbeiner, Inc) 
and cover slips (no. 1.5, VWR), with 1-2% PEG biotinylated (mPEG-SC-5000 and Biotin-PEG-
SC-5000, Laysan Bio). Channels were incubated with 0.2 mg/mL NeutrAvidin (Pierce) for 10 
minutes and rinsed with ten channel volumes of T50 buffer (10 mM Tris, 50 mM NaCl). 
Biotinylated RNA/DNA constructs were added at ~10-50 pM for deposition times ranging from 
2 to 15 minutes in order to obtain evenly spaced yet sufficiently dense fluorescent spots across 
the slide surface. Single-molecule imaging with TIRF was preceded by addition of Rho helicase 
in imaging buffer. The buffer contained 40 mM Tris, pH 7.7, 100 mM KCl, 4 mM Mg2+ and, 
unless otherwise noted, 1 mM ATP and 0.3 units/µL RNasin (Promega). Magnesium 
concentrations were kept higher than ATP concentrations by 1 mM when [ATP] was greater than 
5 mM. To minimize risk of RNA compaction typical with non-physiologically high Mg2+ 
levels,41 divalent ion concentrations were kept < 5 mM when possible. All Rho concentrations 
are in moles hexamer. An oxygen scavenging system was employed to prolong dye lifetimes 
consisting of 0.8% glucose, 165 U/mL glucose oxidase and 217 U/mL catalase. To compensate 
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for oxygen removal and increased dye blinking, 2 mM 6-hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid (TROLOX) was also added. Solutions were added either by pipette or via suction 
for flow measurements.40   
Single-molecule traces were generated with programs written in IDL (Exelis) and 
analyzed with custom MATLAB (Mathworks) programs and Origin (OriginLab). Single-
molecule FRET histograms were produced by averaging FRET values obtained during the first 
300 ms of each molecule trace or, in Figure 6.1, by including entire molecule trajectories after 
removing signals due to multiple dyes, blinking and bleaching. As mentioned in the main text, 
integrating the number of molecules obtained from 15 images at each time and condition 
generated surface-unwinding curves normalized by the number of counted spots before addition 
of Rho in imaging buffer.  Cross-correlation analysis of the Cy3 and Cy5 signals was detailed 
previously.42 Trace averaging in Figure 6.8 was performed by taking selected regions of the 
molecule FRET trajectories beginning with Rho binding to the specified RNA/DNA construct 
and ending with bleaching. These synchronized FRET data were aligned at the beginning of 
Rho/RNA FRET interactions and the mean was determined at each time point thereafter to 
generate averaged FRET curves (avgFRET). Given that some RNA/DNA constructs had poorer 
protein-dye or protein-RNA interactions, the total avgFRET duration for each construct varied 
slightly. The numbers of molecules used for averaging aRUT “Fwd”, aRUT “Rev”, auRUT 
“Fwd” and auRUT “Rev” were 47, 43, 29 and 57, respectively, in the presence of ATP. Without 
ATP, in the same order, the numbers of molecules were 110, 27, 33 and 31. In Figure 6.6e, 
relative FRET dynamics statistics were determined by first calculating the percentage of 
individual traces showing any observable FRET changes for each condition. All traces were 
included to maintain consistency, so some traces without dynamics did not contain an active Cy5 
dye. The highest percentage of FRET dynamics was in the presence of 10 mM ATP at ~25%, so 
all percentages were divided by 25 for graphing in Figure 6.6e with 10 mM ATP normalized to 
1. This means that the percentage of traces showing dynamics with 1 mM ATP is ~ 0.4 * 25, or 
approximately 10%. 
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6.5   Figures 
 
 
 
Figure 6.1   Single-molecule assay with Cy3-labeled and unlabeled Rho helicase. (a) aRUT 
RNA was transcribed and annealed to biotinylated and Cy5-labeled oligos for slide surface-
tethering for TIRF imaging. (b) Left, Single-molecule FRET histograms made from FRET 
trajectories of Cy3-Rho upon incubation with tethered the Cy5-RNA-DNA construct in the 
absence of ATP. Right, addition of 1 mM ATP to the Rho-RNA-DNA construct led to 
broadening of the range of FRET values attributable to ATP-dependent Rho-RNA dynamics. (c) 
Cy5-labeled DNA removal from the surface was measured by counting the number of spots with 
the 633 nm laser in 20 images per time point and normalizing by the number of spots in 20 
images before the addition of Rho. Experiments were performed with RNase inhibitor and 1 mM 
ATP. No ATP data points are with 50 nM Rho. Protein concentrations are for the hexamer.  (d) 
Schematic of dual-labeled RNA/DNA duplex used for unlabeled Rho experiments. (e) Single-
molecule histograms of unlabeled Rho with Cy3/Cy5-RNA-DNA taken at 5 min, 20 min and 60 
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min (20 movies recorded at each time point). Top three histograms were without ATP; bottom 
three with 1 mM ATP. Experiments were performed without RNase inhibitor. Y-axis represents 
the number of Cy3-Cy5 molecules undergoing FRET on the quartz surface.  
 
 
 
Figure 6.2   ATP-dependent dynamics between Cy3-labeled Rho and Cy5-labeled RNA 
involved in RNA-DNA melting. (a) Example traces for limited or no dynamics between Cy3-
Rho and Cy5 RNA due to the presence of a non-hydrolyzable analog (left) or low amounts 
(right) of ATP. (b) Cross-correlation analysis of Cy3-Cy5 signals reveals rates of FRET 
fluctuations for three ATP concentrations, 10 µM (top), 100 µM (middle) and 1 mM (bottom).  
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Figure 6.3   Cy3-labeling of Rho and activity measurements. (a) UV spectra of Cy3 labeled Rho 
helicase after 4 different concentrations of Cy3-maleimide were mixed with Rho in DTT-
containing storage buffer and free dye was removed.  (b) Labeling efficiencies calculated from 
protein/dye concentrations in (a) were plotted as a function of the ratio between Cy3-maleimide 
and Rho helicase during the labeling incubation. A linear fit to the reaction values in the 
presence of DTT (black squares) would give a R-square value of 0.998 (Pearson’s r = 0.999). 
When DTT is removed, Rho protein is labeled much more efficiently (red squares). Highly 
labeled Rho wasn’t used in this study. (c) ATPase helicase rates were determined for Rho from 
each labeling reaction and a few are plotted along with the results from unlabeled Rho helicase. 
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Dye attachment as little to no effect on the ATPase rates and perhaps stimulates ATP hydrolysis 
by a minor extent. These results also confirm DMSO concentrations up to 3% do not denature 
Rho helicase.  
 
 
Figure 6.4   Unwinding abilities of labeled and unlabeled Rho with single- and dual-labeled 
auRUT. (a) Depiction of dual-labeled (left) and single-labeled RNA/DNA constructs. (b) 
Surface-unwinding rates for both constructs indicate the same interactions between unlabeled 
Rho and dual-labeled RNA and Cy3 labeled Rho and Cy5-only labeled RNA. Additionally, 
whether Rho translocates towards or away from the surface has little to no effect on its 
RNA/DNA melting abilities. 
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Figure 6.5   Design of artificial aRUT sequence (auRUT) without secondary structure and 
comparison with aRUT. (a) FRET histograms of aRUT (left) and auRUT (right) with increasing 
Rho concentration. (b) Rho binding sites for aRUT and auRUT are shown (full RNA construct 
sequences shown not including sequences annealed to DNA). Sequences designated as RUT sites 
in bold and underlined. (c) FRET trajectories of individual aRUT and auRUT RNA/DNA 
constructs in the absence of Rho. auRUT demonstrates low Cy5 emission due to low FRET, but 
the presence of Cy5 is confirmed by direct excitation of Cy5 after 30 seconds. (d) Fraction of 
dual-labeled auRUT RNA molecules bound as a function of Rho concentration as determined 
from (a). RNA molecules with only donor fluorophores are included, so the fraction of bound 
RNA constructs cannot reach 1. Inset: zoom in of RNA binding at low [Rho]. (e) Removal of 
auRUT Cy3-labeled DNA in the absence or presence of varying [ATP] (left histograms) can be 
plotted to reveal saturating unwinding in 1 mM ATP. 
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Figure 6.6   ATPase and unwinding activity of Rho helicase with auRUT. (a) (left) ATPase 
activity assays demonstrate over 24 times greater ATP hydrolysis by Rho in the presence of 
auRUT versus aRUT. See materials and methods for details on assay. (right) RNA/DNA helicase 
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activity was measured with labeled aRUT/DNA constructs (“Fwd”) and Cy3 labeled Rho (see 
materials and methods). Helicase activity was confirmed with PAGE for auRUT “Fwd” 
constructs as well (data not shown). (b) As with aRUT in Figure 6.2b, removal of auRUT Cy3-
labeled DNA in the absence or presence of varying [ATP] (left histograms) can be plotted to 
reveal saturating unwinding in 1 mM ATP (Figure 6.5e). On the left, the FRET histograms 
represent the characteristic raw data for constructing the plot in Figure 6.5e (histograms shown 
for 0 mM and 1 mM ATP conditions only). Right, cartoon of dual-labeled RNA for measuring 
the unwinding rate and the effect of Rho on RNA conformation. (c) Same cartoon from figure 
1a. (d) Typical time trajectory of Cy3-Cy5 emission while Rho interacts with surface-tethered 
RNA in the presence of 1 mM ATP. (e) Percentages of traces with active dyes showing FRET 
changes were calculated for each condition and normalized so that 10 mM ATP yielded 100% 
dynamics for comparison between conditions.  
 
Figure 6.7   Design of auRUT and sequence comparison with aRUT. (a) Total sequences for 
aRUT (top) and auRUT (bottom). Underlined sequences are regions that are annealed to DNA 
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oligos for surface tethering, dye-labeling and helicase unwinding experiments. The 3’ underlined 
region is annealed to aRUTB for aRUT and auRUT3prime for auRUT (see materials and 
methods). (b) Mfold output structures for aRUT (top sequence with secondary structure) and 
auRUT (bottom, loop structure). The 5’ and 3’ ends of auRUT (boxed sequence) are annealed to 
labeled DNA oligonucleotides so no secondary structure is predicted. (c) Comparison of uracil 
and cytosine content for total aRUT and auRUT as well as the non DNA-hybridized regions.  
 
 
 
Figure 6.8   Flow experiments with Cy-3 Labeled Rho reveal binding rates and synchronized 
oscillatory dynamics. (a) Upon addition of Cy3-labeled Rho, the increase in the fluorescence 
background signal is defined as t0. The instant of binding, tf, results in a sharp increase (faster 
than the time resolution) in Cy3 emission. (b) The inverse of (tf-t0) yields the rate (s-1) of binding. 
This value depends on [ATP] and serves as an important control in validating the model in 
Figure 6.9 (see main text). (c) The FRET values obtained beginning at tf in (a) until dye 
bleaching were averaged and plotted in the presence or absence of ATP. Cy3-labeled Rho and 
auRUT labeled with Cy5 at the 3’ end displayed ATP dependent translocation resulting in 
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increasing FRET over time. (d) Schematic of two FRET orientations utilized for synchronized 
flow assay. “Fwd” refers to the Cy5 dye placed downstream of the RUT site at the 3’ end, and 
“Rev” indicates Cy5 placed at the 5’ end upstream. (e) Averaged FRET curves in the “Fwd” 
orientation for auRUT. Rho interactions with auRUT lead an increase in FRET over time in the 
presence of ATP. (f) FRET between labeled Rho and aRUT fluctuates consistently to higher 
FRET values but fails to increase stably, presumably due to secondary structure. (g) “Rev” 
orientation, Avg FRET plots for auRUT. FRET remains stable regardless of ATP. (h) A slight 
increase in FRET is observed with or without ATP with aRUT RNA. Overall, FRET is stable in 
the “Rev” orientation for both aRUT and auRUT.  (i) Sample trace of Cy3-Rho (‘green’ 
intensity) with Cy5-auRUT (‘red’ intensity) in the “Fwd” orientation demonstrating step-wise 
translocation with reverse-steps. (j) Similar dynamics are observed in this dual-labeled auRUT 
trace with unlabeled Rho helicase. 
 
 
          Figure 6.9   Model for Rho translocation along RNA with and without secondary structure. 
Rho is assumed to interact with RNA initially via the N-terminal primary binding sites that 
maintain contact with the RUT sequence throughout the translocation process (tethered-
tracking model). Whether or not secondary structure exists, the RNA at the 3’ end 
(downstream) of the RUT site is threaded through an open-washer conformation of Rho 
(pictured in orange). In the case of auRUT (top), RNA is pulled through the central cavity in 
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discrete, reversible steps. After repeated ATPase firing events, the RNA threaded through the 
pore is prevented from sliding back out by the Rho protein and an ‘irreversible’ translocation 
step has occurred (see discussion). The same process is repeated as the length of RNA 
threaded through the pore continues to accumulate near the N-terminal region of the Rho 
hexamer with each irreversible translocation step. Secondary structure (bottom) increases the 
back-sliding of RNA through the pore and potentially causes reverse, upstream motion of Rho 
towards the 5’ end of aRUT. The repetitive firing still enables Rho unwinding of the 
RNA/DNA duplex, though less efficiently. 
 
 
Figure 6.10   Rho protein Titration with dual-labeled auRUT. (Left column) Broad range Rho 
titration reveals two main RNA transitions with increasing [Rho]. The first transition from low to 
mid FRET occurs by 500 pM Rho hexamer. The second transition back to low FRET is notable 
at ~ 500 nM. (Middle column) The first transition was investigated in a separate experiment by 
sampling Rho concentration space between 0 and 500 pM Rho.  An uncharacterized intermediate 
state is observed as low as 50 pM. (Right column) The low FRET peak reforms above 100 nM 
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Rho hexamer. It is unclear whether this peak corresponds to the low FRET RNA conformation in 
the absence of Rho. 
 
 
Figure 6.11   Rho-RNA  fluctuation  rates with  dual-labeled  auRUT  as a function of [protein]. (a)  
Plots comparing fraction  of bound auRUT RNA (same data as in Figure 6.5) with cross-correlation  
Analysis  results for the Cy3  and Cy5 fluorescence signals of  dual-labeled auRUT/DNA constructs.  
At low concentrations up to 0.5 nM, the fluctuation rates in protein-RNA interactions decrease with  
increasing  [Rho].  5 nM  Rho  hexamer  concentration  leads  to  increase  in  FRET  dynamics  that  
becomes  even  greater  at  50  nM  Rho. At 100  nM Rho  and greater, there is a sudden drop FRET  
dynamics  accompanied  by  less  RNA  being  bound   by Rho.  (b)  A  possible  explanation for the  
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observed results in (a). At low concentrations, weak interactions between Rho and RNA are possibly  
due to lower order Rho oligomers (less than 6 monomers) and/or a purely primary RNA binding site  
interaction  between  Rho  and  RNA.  Increasing  concentration  to  500 pM stabilizes the Rho-RNA  
interactions  sufficiently  to  overcome  the  presumably  Brownian  motion  of  both binding partners  
relative  to  each  other.  At 5  nM  and 50 nM, the stable Rho hexamer/RNA complexes are assumed  
able to  interact  in  a more  biologically  relevant  context  and  dynamics  may be occurring through  
Rho’s  secondary  binding site  interactions  with RNA. At [Rho] at or greater than 100 nM, multiple  
hexamers may  be  binding RA  and Rho oligomers of higher order than hexamers could be forming  
in solution. In  either  case, this  could  lead  to self-inhibition  in terms of protein dynamics on RNA.  
Experiments were performed with 1 mM ATP and 4 mM MgCl2. 
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Chapter 7 
Expression, Purification and Single Molecule Studies of 
the RNAi Protein Argonaute 2 from Humans 
 
7.1   Introduction 
The ability of small, non-coding RNAs to control gene expression has radically altered 
the central dogma of molecular biology and helped explain the existence of relatively few genes 
versus the size of most eukaryotic genomes.1 While prominent in bacterial regulation of 
membrane proteins2 and the stress response3 with the assistance of protein mediators such as 
Hfq,4 small RNAs have generated the most excitement due to their involvement in the eukaryotic 
post-transcriptional gene silencing pathway termed RNA interference (RNAi).  
Andrew Fire and Craig Mello were awarded the 2006 Nobel Prize in Physiology or 
Medicine for their 1998 discovery that double-stranded RNA injected into nematodes led to 
dramatically greater translation repression than anti-sense RNA alone.5 The duplex RNA is 
loaded into the RNA-induced silencing complex (RISC) which contains an Argonaute6 protein as 
the core. In prokaryotes, the Argonaute (Ago) homologue uses DNA to mediate RNA cleavage.7 
Very recently, three crystal structures8-10 were reported for eukaryotic Ago proteins in complex 
with guide RNA strands, which direct the Ago protein to cleave complementary mRNA strands 
which are subsequently degraded (Figure 7.1 and figure 7.2, left).10,11  
Long, double-stranded (ds) RNA is cleaved into short duplexes with 3’ overhangs known 
as micro RNAs (miRNAs) when the dsRNA originates endogenously. Exogenous, short duplex 
RNA that is injected into cells is referred to as small interfering RNA (siRNA). Recent evidence 
indicates that optimized single-stranded RNA is sufficient for targeted knockdowns without 
additional membrane permeabilization factors,12,13 which would aid therapeutic design efforts. In 
addition to being a large player in chromatin remodeling and DNA methylation regulation,14 the 
RISC complex and miRNAs have recently been implicated in p53-mediated, ribosomal protein 
sensing in the cell.15   
The main difference between siRNA and miRNA is that siRNA duplexes are usually 
perfectly base-paired and are exactly complementary with the mRNA target in the cell. In 
contrast, miRNAs are imperfectly base-paired duplexes that form unpaired bulges when one 
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strand, the guide strand, is in contact with the mRNA target. Perfect base-pairing between the 
guide strand (short, single stranded RNA chosen by Ago from the siRNA or miRNA duplex 
based on the 5’ end base-pairing stability) will often lead to cleavage of the mRNA target while 
miRNA-mediated, Ago-target mRNA interaction often leads to sequestration and inhibition of 
tranlation initiation of the mRNA without immediate cleavage.16 
 The RISC complex, which includes the RNase III-type endonuclease Dicer in some 
species,17 (other dicer references) will either exchange the passenger strand of siRNA with the 
target strand for site-directed cleavage by the PIWI-slicer domain of Ago2 or scans the 
cytoplasm by exposing the seed sequence (nt 2-8) after removal of the passenger strand. The 
guide strand, which is anti-sense to both the passenger and target strands, forms an active 
complex with the Argonaute protein. Kinetic analyses have revealed the Km and enzymatic 
cleavage rate for several RISC complexes18-20,
 
but the mechanism by which Argonaute binds 
siRNA, chooses the guide strand and disposes of the passenger strand remains unknown.  
 Also unclear is the nature of intramolecular conformational changes occurring between 
Ago2 and the RNA strands during association of RISC complex and cleavage of the target 
strand. In the RNA-free state, Ago proteins from thermophilic organisms are proposed to be 
quite flexible and difficult to crystalize.21-23 Binding to the guide strand leads to a stable “Slicer” 
complex conformation of the Ago protein.10 Protein crystal structures suggest interactions 
between the 3’ end of the guide strand and Ago’s PAZ domain are disrupted as annealing 
between guide and target strands exceeds one turn of the A-form duplex. The resulting 
conformational change in the hinge-like PAZ domain is accompanied by placement of the 
catalytic residues of the PIWI (“Slicer”) domain into an optimum position for cleaving the target 
strand of the ternary complex. An important point is that for miRNAs (at least in non-plant 
organisms) the bulge caused by the mismatches at nt 10-11 prevents cleavage (hence different 
mechanisms for non-plant miRNAs and siRNAs). In any case, these structural changes can also 
be represented by comparing crystal structures with one or two magnesium ions in the catalytic 
active site (Figure 7.2, right).23 The conformation of the PAZ domain is more open in the human 
Ago2 protein, suggesting even greater flexibility.10 Furthermore, specific guide RNA-helix 
contacts within human Ago2 are believed to be responsible for conformational changes 
promoting guide-target annealing.9,24 However, to the author’s knowledge, there have been no 
studies measuring conformational changes within Argonaute protein-RNA complexes in real 
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time.  
 Single-molecule studies are ideally suited to probe the dynamics of guide strand-
mediated cleavage of the target RNA. Fluorescently labeled RNA strands allow for co-
localization experiments with on/off rates that are readily measurable as a function of protein 
concentration (Figure 3). FRET dynamics observed between the fluorescent dyes on each strand 
allow for monitoring any potential conformational changes between guide and target strands in 
addition to two-color monitoring of cleavage and annealing rates. Currently, no single-molecule 
studies on Argonaute proteins have been reported in the literature. 
  
7.2   Results and Discussion 
Unlabeled and Cy3-labeled guide strands were pre-incubated with Ago2 constructs 
before addition to the target strand either free in solution or tethered to a quartz slide via 
biotin/neutravidin linkages (Figure 7.3). Two different 21mer guide strands were added against a 
single 50mer target strand to test for Ago2 activity.  
 
7.2.1   Cleavage activity assay  
In Figure 7.4, we see PAGE gels with the target strand labeled with P32 at the 5’ end. At 
the top, three different strands were used consisting of two distinct sequences. Two unlabeled 
strands, 21A and 21B, test for Ago2 activity while the 3rd strand, ‘3Prime’, was used to 
determine whether Ago2 can cleave with a guide strand labeled at the 3’ end with Cy3. The 
extent of cleavage was comparable between the strands, and excess guide strand inhibited 
cleavage (10x greater than target strand) presumably due to annealing of strands without Ago2. 
The middle gel in Figure 7.4 shows a similar experiment with the ‘Internal’ (internally labeled 
with Cy3) guide strand. Interestingly, cleavage seemed more pronounced with a Cy3 label 6 nt 
from the 3’ end. This might be due to an error in measuring the guide RNA concentration, 
although this error is unlikely to exceed 200-300%. The bottom gel of Figure 7.4 shows a 
titration of both ‘3Prime’ and ‘Internal’, with both strands displaying the same inhibition at 250 
nM with ‘Internal’ promoting significantly more cleavage events than ‘3Prime’. This might be 
attributed to the interaction between the Ago2 PAZ domain and the guide strand’s 3’ end being 
disrupted,10 although some studies suggested this interaction was not as crucial as the 5’ 
phophate's interaction with the MID domain.20 Also seen in the bottom gel of figure 4 is that 
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there is essentially no difference in cleavage efficiency with or without the Cy3 for the same 
‘Internal’ amine-modified guide strand. See figure captions for additional discussion.  
 
7.2.2   Single Molecule assay  
Surface tethering of the 50mer target strand enabled a TIRF microscope assay for 
Ago2/guide/target complex formation (unfortunately, equilibrium with complex disassociation 
made interpretation difficult). Short CCD movies were taken at different times and histograms of 
time-averaged (300 ms time interval) FRET values were constructed (not shown). Integration of 
the main FRET peaks at each time point yielded the number of RNA duplexes undergoing FRET 
and plots are shown in Figure 7.5. In the absence of Ago2, annealing between guide and target 
strand followed simple sigmoid kinetics (Figure 7.5a and c). Addition of Ago2 at various 
concentrations disrupted the annealing curves (Figure 5b and d), presumably due to Ago2 
sequestration of guide strands and prevention of annealing, as well as annealing with Ago2 but 
subsequent cleavage leading to difficulty in interpreting the plots. However, 300 nM Ago2 
increased the amount of association between guide and target strands quite notably (Figure 7.5d). 
Unfortunately, only 1-2% of Ago2 proteins were active and no catalytic turnover of cleavage 
events was observed, indicating either an incomplete RISC complex or complications arising 
from expressing human protein in E. coli. However, it does explain why large amounts of Ago2 
(300 nM) were required for demonstrable single molecule activity at the grand scale (histogram 
integration level). Combined with the results from Figure 7.4, it is clear that ‘Internal’ guide 
RNA increased Ago2 association and cleavage of target RNA unambiguously and the remainder 
of the results are focused on this strand (i.e., all guide strand references refer to the ‘Internal’ 
strand).  
 
7.2.3   Guide/target strand FRET behavior at the single-molecule level reveals a potential 
‘cleaved’ RNA duplex conformation.  
Upon inspection of single trajectories instead of average FRET values per molecule in 
Figure 7.5, four different, very basic FRET types were observed and the fraction of traces 
displaying each behavior was plotted. In Figure 7.6, examples of the four behavior types – high 
FRET, low FRET, high dynamic FRET and low dynamic FRET – are shown. At the top left, a 
plot for FRET behavior in the absence of Ago2 reveals that only stable high FRET values are 
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observed in the absence of protein. In the presence of 300 nM Ago2 (Figure 7.7, top left), all four 
FRET types increased with time and the high FRET state was notably more populated (Figure 
7.8A). Similar increases in stable high and low FRET behavior, the most commonly observed 
species, over time indicated the low FRET (here defined as any FRET value < 0.7) state was 
protein-specific and possibly represented the Ago2-guide-target complex. Interestingly, many 
traces exhibited FRET changes from a high FRET to low FRET state, as exemplified in the 
single trajectories in Figure 7.7. The top left plot demonstrates a slight increase in the frequency 
of the low FRET state versus the high FRET state after 30 min. The implication that the low 
FRET state might represent the cleaved state of the target strand in the Ago2-guide-target 
complex is tempting. Measuring the occurrence frequency of the low FRET state as a function of 
both time and protein concentration reveals a clear protein dependence. It is currently unknown 
whether Ago2 releases either guide or target strand after cleavage. The protein used in this assay 
is not catalytic in that each complex binds a single guide strand and cleaves a single target strand, 
so it is very possible that the Cy5-labeled, 5’ region of the target strand would remain bound to 
the complex after cleavage with a possible conformational change leading to lower FRET. 
However, events involving the Cy5-labeled 5’ end simply diffusing away after cleavage would 
convolute these results and so trends reported from plots in Figures 7.6, 7.7 and 7.8 must be 
considered from this perspective as well. 
Contributing to the complications in interpretation are potential cleavage events that 
maintain high FRET values. Figure 7.8b displays single traces showing stable high FRET 
behavior initially that leads to dynamic behavior characterized as high FRET and of dynamic 
nature (high FRET/low FRET cutoff = 0.65-0.7). High FRET dynamics show very little protein 
dependence (data not shown), yet the traces in Figure 7.8 are still representative of the breadth of 
FRET behavior capable of being assigned as cleavage activity. Frequencies for dynamic traces 
with high and low FRET values are plotted in Figure 7.8C and D. At 30 min, the presence of 50 
nM Ago2 yields traces showing more low FRET dynamics than 10 nM Ago2 (C) although the 
opposite is true for traces showing high FRET dynamics (D).  In the bottom right of figure 7, the 
slight increase in frequency of low FRET dynamics with 50 nM versus 10 nM Ago2 does not 
mean that there are less total low FRET traces for the 50 nM Ago2 sample, but rather that the 
low FRET traces tend to be more dynamic at this concentration than FRET traces for the 10 nM 
Ago2 sample.  
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7.2.4   Conclusion 
 More studies would be required to confirm the identity of the low/mid FRET state as the 
post-cleavage guide-target RNA conformation. Single-molecule experiments in the presence of 
EDTA should have drastically reduced frequencies for the low FRET state. If this conformation 
is only representative of the Ago2-guide-target complex and not indicative of cleavage, then the 
low FRET state (a clear Ago2-dependent state) would likely be more populated in the presence 
of EDTA.  
 
7.3   Materials and Methods 
The Human Argonaute 2 protein sequence within the IPTG-inducible pGEX-4T-1 and 
pRSF-Duet-hHSP90 (Heat shock protein 90) were generous gifts from Leemor Joshua-Tor. Co-
expression of human Ago2 and HSP90 in E. coli was modified from a protocol developed for 
enabling mammalian protein folding and purification from bacteria presented by Joshua-Tor and 
Tolia.25 
 
7.3.1   Protein Expression  
BL21 cells were co-transformed with human Ago2 with a glutathione-S-transferase 
(GST) affinity purification tag within the pGEX-4T-1 plasmid and the pRSF-Duet plasmid 
housing the HSP90 gene. The LB media was supplemented with 50 µg/mL Ampicillin and 25 
µg/mL Kanamycin which served as selection markers for Ago2 and HSP90 plasmids, 
respectively. Twelve liters of LB broth (due to low yield of folded protein obtained – 0.3 mg/liter 
– even in the presence of HSP90) was inoculated with 5 mL overnight culture per liter and 
incubated at 37°C until reaching an O.D. of 0.3, after which the temperature was lowered to 
22°C. Once the O.D. reached 0.6, 0.5 mM IPTG was added for induction of expression of both 
plasmids for 6 hours at room temperature.  
 
7.3.2   Protein Purification  
Cells were harvested by centrifugation at 4,000 rpm for 30 minutes and resuspended in 
10 mL of lysis buffer for every one liter of culture. The lysis buffer contained 50 mM Tris-HCl, 
pH 8.0, 1 M NaCl, 5 mM DTT, hereby referred to as Buffer A, and complete protease inhibitor 
cocktail (Roche – 1 tablet per 3 liters culture). After resuspension, 0.25 mg/mL lysozyme was 
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added for cell lysis before the mixture was frozen at -80°C. 
 Cells were thawed later and further lysed via sonication after dilution of cell to 96 mL per 
three liters of culture (~ 380 mL for 12 liter culture). The sonicate was clarified by centrifugation 
at 15,000 rpm for 1 hour. While stirring vigorously, a 10% HCL solution of 10% poly-ethylene 
imine (PEI) was added to the supernatant dropwise until a final concentration of 0.4% PEI was 
reached (4 mL per 96 mL supernatant) to precipitate DNA and RNA released from the lysed 
cells. The resulting mixture was centrifuged at 4,000 rpm for 30 min. Proteins were precipitated 
by the addition of 43.6 g ammonium sulfate per 100 mL PEI supernatant preceding another 
centrifugation step of 15,000 rpm for one hour.  
 Precipitated protein was redissolved in 50 mL Buffer A supplemented with 0.05% Triton 
X-100 (optional). This solution was incubated with 5 mL glutathione-agarose resin (Sigma) for 
one hour and washed with 50 mL Buffer A and two times with Buffer A without Triton X-100. 
The agarose was added to a gravity-based chromatography column and elution buffer (Buffer A 
plus 20 mM glutathione) was added dropwise to the top. Collected fractions were analyzed with 
A280 absorbance measurements (Ago2 extinction coefficient: 74,605 M-1 cm-1 assuming all Cys 
residues are in a reduced state). Fractions containing sample were concentrated to 2 mL for 
loading onto a gel filtration column (Superdex 200 16/60) using FPLC. Running buffer consisted 
of 50 mM Tris, HCL, pH 8, 350 mM NaCl and 5 mM DTT. A considerable fraction of Ago2 was 
aggregated in the void volume peak, but free Ago2 was collected and activity assays could be 
performed with this fraction.  
 The final purification step involved collection and concentration of all pooled fractions 
from the previous gel filtration step corresponding to non-aggregated Ago2 in low salt buffer (75 
mM NaCl in 10 mL concentrate). Lower salt concentrations lead to protein aggregation. Mono Q 
Ion exchange chromatography was then performed with FPLC using a gradient from 0-100% 
Buffer 2. Buffer 1 consisted of 25 mM Tris-HCl, pH 8, and Buffer 2 was the same but included 1 
M NaCl. Free GST-Ago2 eluted at ~150 mM NaCl and this elution was either concentrated or 
used directly for all subsequent experiments.  
 
7.3.3   Cleavage Activity Assay  
Activity assays involved incubation of Ago2 with short RNAs of ~ 21 nt (“guide” strand) 
before addition of complex to 50mer RNA (“target” strand). Two guide strand sequences were 
	   159 
used: 21A had the sequence 5’-UCGAAGUACUCAGCGUAAGUG-3 and for producing a 
longer cleaved target strand, 21B had the sequence 5’-AACGGACAUUUCGAAGUACUC-3’. 
We wanted to test whether Ago2 could cleave using Cy3 modified guide strands for single 
molecule experiments. The labeled guide strand sequence was the same as 21A and was labeled 
with Cy3 at either the 3’ end (Dharmacon) or the 6th nt (uracil) from the 3’ end (Yale Keck 
Center, amine-modified rU purchased from GlenResearch) to form ‘3Prime’ and ‘Internal’ guide 
strand constructs, respectively. The ‘Internal’ strand was mixed with Cy3-NHS (Molecular 
Probes) as described previously (See Rho helicase labeling protocols). The target strand had the 
sequence 5’-GAGGUGGACAUCACUUACGCUGAGUACUUCGAAAUGUCCGUUCGGU-
UGGC-3’ with a P32 radioactive label at the 5’ end. All RNA strands were deprotected according 
to manufacturer protocols. Cleavage conditions were 10 mM Tris, pH 7.5, 100 mM NaCl, 2 mM 
MgCl2, 0.1 mg/mL yeast tRNA (Ambion), 200 U/mL RNAsin and 1 mM DTT for 30 min at 
37°C with varying guide strand concentrations (see figures) and ~ 1 µM Ago2 and 20 nM target 
strand in 50 µL total volume. RNA was purified from the mixture using phenol-chloroform 
extraction and subjected to polyacrylamide gel electrophoresis (PAGE). Gels were imaged using 
a PhosphorImager.  
 
7.3.4   Single Molecule experiments  
The same 50mer target strand sequence used in activity assays was modified with a six-
carbon amine functionalized linker at the 5’ end and a biotin attached directly to the 3’ end 
(Dharmacon). Cy5-NHS was attached to glass slides functionalized with biotinylated PEG were 
incubated with 0.25 mg/mL neutravidin and rinsed with T50 before 30 min incubation with 1 
mg/mL yeast tRNA prior to T50 rinsing and addition of 50 pM target strand for 5min incubation. 
Either Cy3 labeled guide strand, ‘3Prime’ and ‘Internal’, was pre-incubated with Ago2 at a 1:1 
ratio of 5 µM before addition to the chamber at the concentration designated in the figures. 
Imaging buffer consisted of 10 mM Tris, pH 7.8, 100 mM NaCl, 2 mM MgCl2 and 5 mM DTT. 
The same oxygen scavenging system mentioned previously was employed: 2-3 mM TROLOX, 
0.8% glucose, 165 U/mL glucose oxidase and 217 U/mL catalase. Additionally, 300 U/mL 
RNAsin was added to preserve surface bound construct from potential contamination from other 
RNAses, as RNaseH activity of Ago2 is not affected. 
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7.4   Figures 
 
Figure 7.1   RNAi pathway. Long dsRNA molecules are cleaved by Dicer to form short 
duplexes of ~22 bps with 3’ overhangs of two nucleotides. One strand (guide strand) is 
incorporating into the RISC complex containing Ago2, which uses the guide strand to base-pair 
with an mRNA target strand that is subsequently cleaved and degraded. 
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Figure 7.2   Crystal structure of human Argonaute 2. Left. The central enzyme of the RISC 
complex contains a PAZ and a Mid domain that interact with the 3’ and the 5’ end of guide 
strand RNA, respectively, and a PIWI “Slicer” domain that houses nuclease activity via an 
RNase H cleavage site. Right. Conformational changes within the PAZ site are believed to be 
involved in releasing the 3’ end of the guide strand for complete annealing with the mRNA target 
strand. 
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Figure 7.3   Single-molecule FRET assay for Ago2 binding and cleavage of Cy5-labeled target 
strand using a Cy3-labeled guide strand. Two different approaches were taken. In (1), Ago2 is 
preincubated with guide strand labeled internally (shown) or at the 3’ end with Cy3. The target 
strand is attached to a glass slide via biotin at the 3’ end. Free Ago2/guide strand complexes 
(half-life of 2-4 days) bind to the target strand and FRET interactions between RNA strands are 
monitored as a function of protein concentration. Studies with pre-annealed RNA strands were 
performed, (2), but are not reported here. 
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Figure 7.4   32P-labeled RNA nuclease assays confirm cleavage competence of human Ago2 
using a Cy3-labeled guide strand RNA. Top. Cy3 at the 3’ end of guide RNA (‘3Prime’) does 
not interfere with target strand cleavage (lanes 5-9 and 11-14). Excess guide strand RNA 
inhibited cleavage (performed with and without tRNA in the cleavage buffer: lanes 6-9 and 12-
14). The 21A guide strand in lane 3 was identical to Cy3 labeled strand except contained no 
modification for labeling. The 21B guide strand was also unmodified and targeted a different 
region of the 50mer target RNA (see materials and methods). Middle. A similar experiment was 
performed with ‘Internal’ guide RNA, with Cy3 positioned six nts from the 3’ end. Again, excess 
guide RNA inhibited cleavage (lanes 7, 11 and 12). In contrast to the top gel, the lack of tRNA 
might have affected pellet handling (lanes 13 and 14). EDTA prevented cleavage, as expected 
(lanes 6 and 10). Bottom. Titrations with both ‘3Prime’ and ‘Internal’ demonstrated that guide 
RNA concentrations similar to the target strand concentration promoted the most pronounced 
cleavage (~20 nM, lanes 7 and 12), although the ‘Internal’ guide strand seemed to have the most 
robust range of concentrations promoting cleavage (lanes 11, 13 and 15). 
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Figure 7.5   Integration of single-molecule binding events between Cy3-guide strands and a 
Cy5-target strand tethered to a quartz slide. (A) Number of ‘3Prime’ guide strands (Cy3-labeled 
at 3’ end) annealing to Cy5-labeled target strands yielded high FRET in the absence of Ago2 as a 
function of time. Each time point was recorded by taking 10 TIR images with a CCD camera. 
(B) The same assay with an increasing amount of Ago2 reveals very little protein dependence. 
Annealing rates are measured by number of FRET pairs over time, while cleavage lowers this 
number, potentially complicating results. (C) Identical to (A), but with ‘Internal’ strand in the 
absence of Ago2. (D) Most Ago2 protein concentrations seemed to have little effect on the 
annealing rate but a clear increase in high FRET annealing is observed in the presence of 300 nM 
Ago2. 
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Figure 7.6   Analysis of individual molecule traces indicates four different types of behavior 
with ‘Internal’ guide strand. Single-molecule trajectories from the TIR assay depicted in the 
cartoon on the right were categorized by the following traits: High FRET, low FRET, high FRET 
and dynamic, and low FRET and dynamic. Example traces are shown in the figure for each 
category – in the case of high and low FRET dynamics traces (abbreviated “Dyn” - bottom), 
several example traces are given, illustrating the overall diversity in dynamic behavior which 
was not accounted for in the study. Top left, in the absence of Ago2, only the high FRET 
population increases notably over time. 
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Figure 7.7   Low (to mid) FRET state prevalent with presence of Ago2. Top left, the frequency 
of four different traits in the presence of 300 nM Ago2 is plotted. While all four types are more 
frequent than in the absence of protein, the low FRET state is most notably up-regulated. Top 
right, example trajectories showing a FRET change from high to low FRET. Bottom left, a trace 
showing conversion from mid-FRET to low FRET. All traces demonstrate the common 
observation of low FRET state production in the presence of protein. Bottom right, the low 
FRET state dependence on protein concentration is plotted.  
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Figure 7.8   Ago2-induced cleavage events elicit FRET dynamics. (A) Comparison between 
stable high and low FRET state frequencies with and without Ago2. (B) As in figure 7, example 
traces show conversion from high FRET to a lower FRET state. These traces, however, would be 
considered “high FRET” to “high FRET dynamic” FRET changes for statistical purposes. (C) 
and (D) show frequencies for single trajectories exhibiting high and low FRET dynamics as a 
function of time for different Ago2 concentrations. At 30 min, the presence of 50 nM Ago2 leads 
to more low FRET dynamics traces than 10 nM Ago2 (C) although the opposite is true for traces 
showing high FRET dynamics (D).  
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